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FOREWOKD
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Lockheed Missiles & Space Company, Huntsville Research & Engineering

Center under the sponsorship of several government agencies. Documentation

was sponsored by the Jet Propulsion Laboratory, California Institute of

Technology. This report satisfies the requirements of

ITEM 1 - Nozzle Flow Field Analysis, and

ITEM Z - Rocket Exhaust Plume Flow Field Analysis

outlined in the statement of work of Contract JPL-951567.
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Section i

INTRODUCTION

A precise knowledge of local flow properties in nozzles and exhaust

plumes is necessary for performance, radiation, attenuation, heat transfer

and impingement analyses. All of these analyses are dependent on an accu-

rate knowledge of the environment.

Lockheed Missiles & Space Company, Huntsville Research & Engineering

Center has developed, under the sponsorship of several governmental agencies,

a two-dimensional or axisymmetric method-of-characteristics program. The

program is applicable for problems involving supersonic flow of an inviscid,

adiabatic reacting gas in thermal equilibrium.

Areas of particular interest in the current JPL study are the critical

design problems which result from the effects of rocket exhaust impingement

on objects in the plume. Impingement has a dominant effect on the thermo-

dynamic environment of objects in the plume and in addition, may cause

severe structural loads or trajectory perturbations. As a preliminary step

in the plume analysis, an accurate knowledge of the nozzle flow field is

required. Both nozzle and plume calculations are performed with the same

program. This program is a versatile, user-oriented, analytical tool which

is capable of producing all of the gas dynamic nozzle or plume data required

for an impingement analysis. The user may choose a solution for a

i. nozzle only,

2. plume only,

3. combination nozzle and plume,

depending on the options and starting data selected. This program has been

in use for several years and experience has led to a continual refinement of

the calculational procedure.
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This document was prepared to facilitate operation and understanding

of the program. Descriptions of the individual routines are presented,

which are intended to augment the program listing rather than to duplicate it.

Answers to any questions pertaining to the operation of the program should

be found in this document or in the program listing. Questions involving

initial assumptions made in applying the general theory can be answered by

referring to Reference i. Comparisons with experimental data for real and

ideal gas plumes are reported in Reference 2.

REFERENCES

io

.

Prozan, R. J., "Development of a Method of Characteristics Solution for

Supersonic Flow of an Ideal Frozen, or Equilibrium Reacting Gas Mixture,"

Technical Report, Lockheed Missiles & Space Company, Huntsville Research

& Engineering Center, LMSC/HREC A782535, April 1966.

Ratliff, A. _., "Comparisons of Experimental Supersonic Flow Fields with

Results Obtained by Using a Method of Characteristics Solution," Technical

Report, Lockheed Missiles & Space Company, Huntsville Research & Engineering

Center, LMSC/HREC A782592, April 1966.
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Section 2

PROGRAM CAPABILITIES AND APPLICATIONS

2.1 CAPABILITIES

The nozzle and plume computer program described in this document

can be used to solve a wide variety of problems in real gas, supersonic,

compressible flow. Capabilities were previously discussed in Reference I_;;

however, as improvements continue to be made to the basic program, new

capabilities evolve. Some of the more important, basic capabilities of the

existing program are outlined below:

• The gas may be ideal, or if real, frozen or equilibrium

assumptions can be made.

• Two-dimensional or axisymmetric problem geometry can

be used.

• Both upper and lower boundaries can be solid or free.

(A solid boundary can be approximated by either a conic or

polynomial equation.)

. One compression corner on the upper wall can be calculated.

(Any number may be considered if the problem is re-started

each time.)

o Any number of expansion corners can be considered on either

the upper or lower wall.

• Various methods for obtaining an initial start line are utilized.

i. The program will calculate a one-dimensional start line

anywhere in the nozzle.

2. The program will calculate a start line at points within the

nozzle necessary to conserve mass.

3. Characteristic data can be input at points across the flow

field within the nozzle or in the plume.

4. Any right running characteristic line can be used for a

start line.

5. Any left running characteristic line can be used (may be

in combination with a normal start line).

Reference I: Prozan, R. J., "Development of a Method of Characteristics

Solution for Supersonic Flow of an Ideal Frozen, or Equilibrium

Reacting Gas Mixture," Technical Report, LMSC/HREC A782535,

April 1966.
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6. Any left running line may be input with a right running shock
crossing it.

SC-4020 plot capability of various parameters is available.

Hypersonic or quiescent approach flow options may be used.

Exit to ambient pressure ratios from over expanded to highly
under expanded are possible.

Viscous boundary layer approximations at the nozzle lip are
available.

Displacement of the axis of symmetry from the center of flow
(i.e., the annular ring type of flow field) is possible.

Reacting gas solutions have been facilitated by modifying the NASA/

Lewis Thermochemical program to provide binary tape output of its equilibrium

or frozen real gas calculations. The method-of-characteristics program has

the capability for selecting the proper case from a large set of real gas pro-
perties cases stored on a master tape. LMSC/HREC's master tape presently

consists of approximately 70 cases and is continually being expanded. The

method of generating this master tape is outlined in the diagram on the following

page. Cases stored are uniquely identified by some characteristic of the par-

ticular gas under consideration. For example, a LOX/LH 2 system may be

identified by the following:

Gas Type Mixture Ratio

 Z/HZ = 4.5

Chamber Pressure

PC = 546.0

New cases of general interest may be added to the master tape; however,

ad hoc cases should be prepared on a separate tape. Tape preparation

sequence and communication with the method-of-characteristics program

is diagramed on the following page.
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I Gas Name _

Data 1 1
Including

I

NASA/Lewis

Merge

Program

Method of

Characteristics

Program

Printed Output for

User Inspection

Binary Tape Containing Raw

Gas Properties Data

Old Master Tape

New Master Tape

Two-dimensionM or axisymmetric solutions are selected by simply

loading a control word in the program input data. This integer (0 or I) is

then multiplied by the term containing (i/r) in the governing differential

equation. By appropriate description of the flow boundaries, it is possible

to change from a solid to free boundary on either the upper or lower walls.

Conversely, it is not possible to change from a free to a solid boundary on

either wall.

Compression corners are allowed only on the upper wall. Because the

program is restricted to a single shock within the flow field, the number of

compression corners is limited to one. Also, right-running shocks only

can be handled, thus, no provision exists for compression corners on the

lower wall. Remembering that a mirror image solution is possible, the

problem can be inverted for this type of solution. Note that the program will
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fortuitously handle two shocks if the first shock terminates by intersecting a

lower free boundary before the second shock begins.

Choosing the proper start line option permits the problem to be restarted

when termination is achieved by a shock intercepting the boundary. When the

shock reflection is "regular," the procedures are standard. However, when

a restart is required downstream of a "Mach reflection," a boundary equation

simulating a cylindrical "pipe" must be used to approximate the subsonic region.

X.2 APPLICATIONS

The most common applications of this program are in the areas of

standard rocket nozzles and axisymmetric plumes. Many other complex

flow fields can be treated, however, if the user is familiar with the flexibility

of the program and its options. Other possible problems are discussed in the

remaining paragraphs of this section since an understanding of the application

of the program to these standard cases is assumed.

Consider the boundary conditions given below. This problem was run

two dimensionally (although it could just as well have been axisymmetric) for

the purpose of program demonstration.

r - l: 4
_v _<.': .-_---- Expansion Fan

ck ,Wave

"////////////_,_ 3 0 o

The problem above, while being restricted to one compression corner,

could have had more expansion corners illustrating a more complex case.
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Another problem depicting the program's versatility is the following:

]External Flow

Moo I _ Upper Free Boundary

Inter na 1

Flow

Moo 2

The restriction that the flow remain supersonic (inherent in the method-

of-characteristics solution) must be observed through the flow field.

External flow can be simulated by specifying the necessary stagnation

conditions and inserting a two-dimensional or axisymmetric object in the

flow field.

/ \

/ R=
/
! z=
l

Po =

i T O =
\
k
\ /

Two-Dimensional or Axis ymmetric

External Flow

>" Shock (ZD or Axi-

>" symmetric )

'_M>- 1 I

"'m- (external to

object)

The method of reflecting a shock "regularly" or through a "Mach

reflection" is outlined in the diagram on the following page.
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_ Initial

Nozzle

Run (right side up)

Plume Boundary

__/_ _Incident Shock

__% (calculated to axis of symmetry)

El_tne

--m

_ k_--Problem Termination

Axis of Symmetry

Q Restart (regular reflection)
--- Solid Upper Boundat Axis of Symmetry

Exit //)A_
Nozzle _. t"%-

_lane /.--_
__ /___' _ _---Reflected

Shock
IWF"

_-'_ ,P_-------_Ine Pts

L_ _ "'----Plume Bounda--_- ry J
Free Lower Bound

_ Restart (Mach reflection)

[ " -.- ._/////////////////////////////_.
| _... Mach _.w//_ Cylindrical "Pipe" _/.

__ / l-'lane f-, -
I /._+X_._lid Upper Bound

/ ..f._+ Starting _--Reflected Shock

"_..._.T.__-'- Line Pts. _,,.,.._

Free Lower Bound
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Section 3

DISCUSSION

The program consists of fifty-two active subroutines or functions

which perform all the required calculations in the nozzle and plume. This

building-block approach simplifies trouble-shooting and operation. Each of

the fifty-two routines is explained separately and presented with its support-

ing flow chart. In addition, a general flow chart of the basic logic is pre-

sented in Figure 3.1. An index of all subroutines and functions precedes the

individual writeups for a ready reference to their location and a quick sketch

of their purpose.

Routines which use equations and logic described adequately in Reference

1 are reviewed generally in "Method of Solution" sections. Those routines which

have not been dealt with in Reference 1 are presented in more detail.

Input procedure and output interpretation is covered in the Input/Output

Section. The input instructions are simple and self explanatory. Some of the

input instructions imply the use of inactive or "dummy" routines (i.e., the

SC 4020 plot routines); these are retained for future use. The output inter-

pretation instructions are in the form of flagged comments which refer to a

corresponding section on a typical page of output.

3-i
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PREPARATION FOR SOLUTION

I

1LOWER

BOUND

I YES

__ INPUT 1

POINTS -

US ED
UP

NO

START ]

ImlT_LIZE I

l
CALCULATE [RUN COUNTERS

PICK UP

INPUT

SObVE FOR

CHARACTERISTIC
POINT

ICI-IECK FoRIYESSHOCK

NO IC_ECK FOR 1[BOUNDARY

BOUND

I STOPCALCULATION I

TERM_ATE

SOLUTION

_[EVALUATESHOCK 1

Figure 3.1 - General Flow Chart
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3.1 S YMBOLS AND NOTATIONS

SYMBOL

M

R

R, r

X, x

Y

P, P

T,t

Sis

V, v

H, h

A

A/A _

7

6

@

P

k

¢

@

DESCRIPTION

Mach number

"gas constant"

radial coordinate

axial coordinate

normal coordinate

pressure

temperature

entropy

velocity

enthalp y

mass flow

area ratio

isentropic exponent

turning angle through shock

shock angle

flow angle

Mach angle

characteristic angle

density

equation modifier

operation function

point description information

Sub sc ripts

00

O

B

freestream conditions

stagnation conditions

boundary conditions
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3.Z INDEX OF ROUTINES

SUBROUTINE/FUNC TION

AOAS TR

BOUND

DELTAF

DRIVER

EMOFP

EMOFV

ENTKAL

ENTROP

ERRORS

ESHOCK

FNEWTN

GASRD

GAS TAP

HYPER

IDTAPE

INITP

INRS C T

ITERM

ITSUB

KIKOFF

LIMITS

LIPLN

MASCON

_X&ASSCK

MOCSOL

MONO

OUT

OUTBiN

OVEREX

PAGE

IDENTIFICATION

Mach number from area ratio

solves boundary equations

turning angle through shock

provides control

Mach number from pressure

Mach number from velocity

enthalpy from velocity

entropy rise through shock

prints error messages

equilibrium shock calculations

Newtonian impact pressure

reads gas properties

gas properties from tape

solves boundary pressure

writes gas properties

initialization

finds straight line intersection

tests for cutoff

iteration subroutine

control return

tests boundary limits

calculates start line

conserves mass

checks mass flow

solves characteristic mesh

checks monotonic solution

writes data

writes data on tape

shock angle (overexpanded)

page ejects and comments

PAGE
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3-14
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S UBROUTINE/FUNC TION

PHAS E 1

PLUMIN

PLMOUT

POFEM

PRANDT

RGMOFP

RGVOFM

RHOFEM

ROTERM

SHOCK

TABLE

THETPM

THRUST

TOFEM

TOFV

TURN

UOFEM

UOFV

VISCUS

VOFEM

WEAK

WOFA

IDENTIFICATION

provides logic

reads input data

writes input data

pressure from Mach number

computes Prandtl-Meyer angle

Mach number from pressure

and entropy

velocity from Mach number

and entropy

density from Mach number

and entropy

computes rotational term

shock ne ighb o rhood solution

utilizes gas tables

calculates properties through

expans ion

computes thrust

temperature from Mach number

temperature from velocity

solves shock knowing turning

angle

Mach angle from Mach number

Mach angle from velocity

boundary layer at exit

velocity from Mach number

solves weak shock

weight flow per unit area

PAGE

3-68

3-84

3-89

3-93

3-94

3-96

3-98

3-100

3-101

3-10Z

3-11Z

3-116

3-119
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3-124
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3-127

3-128

3-131

3-13Z
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3.3 DESCRIPTION AND FLO]V CHARTS OF INDIVIDUAL SUBROUTINES

FUNCTION" NAME: AOASTR

DESCRIPTION

This function finds the Mach number corresponding to a given area ratio

by one-dimensional theory. Real gas effects are considered in this calculation.

CALLING SEQUENCE

EM : AOASTR (S, AOA)

where (EM) is the Mach number which exists, one dimensionally,

ratio of (AOA) and an entropy (S).

at an area

UTILITY ROUTINES AND COMMON REFERENCES

COMMON-None

ITSUB

RGVOFM

TABLE

WOFA

METHOD OF SOLUTION

The weight flow per unit area at Mach one is evaluated. An initial

guess for the desired Mach number is made and ITSUB is initialized. An

iterative solution of the equation FOFEM = AOA - WOFAI/WOFA(EM) ,

driving FOFEM to zero, is performed with the aid of ITSUB.
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FUNCTIC_AOASTR(S,AOA)

s.,, / I

S,V2 / [

EM=3. V:_= RC,VOF M (S, EM)
SAVE (1)=1.

SAVE (_>) =-1.

T_:.ANSFER TO SUBR(>UTIN_ j

ITSUB

EM,EM,SAvE,.OOt,999J

IS=SAVE (1)

CONPUTEO GO TO

IF THE VALU_ TRANSFER

C_" IB TO

IS STATEMENT

1 10

Z 10

3 10

4 10

5 ZO

6 30

TO'OI
#RANSFER TO SLE3ROUTINE_._

| ERRORS _ u l

\ _1 / I_1

BLOCK DATA

vI OATAI(BTON(I,J),J=I,Z),I=I,ZO)IIHH,I.OO8,2HHE,4.003,ZHLI,6.94,2HBE,g.oI3,%HB,I

_ 0.SZ,1HC,I2.0II,IHN 14.008 t HO,16.0,1HF,19.0,2HNE,Z0.IB3,2HNA,Z2.ggI,ZHMG,Z4.33 _I i m

I _Axi _---_1Z,2HAL,26.98,2NSI,ZS.0g,tHP,30.@?$,IHS,3Z.O66,2HCL,3S.457,2HAR,39.g44jIHK,39.1

" ,2HCA,40.08/
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SUBROUTINE NAME: BOUND

DESCRIPTION

This subroutine finds the radial coordinate and flow angle (radians)

for a given axial coordinate on an upper or lower solid boundary.

CALLING SEQUENCE

CALL BOUND (R, X, THETA, ITYPE)

where (1%) is the radial coordinate, (X) is the known axial coordinate, THETA

is the wall angle and ITYPE indicates whether upper or lower boundary

equations are to be used.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/WALLFO/

UTILITY - None

METHOD OF SOLUTION

The block common region WALLFO contains the information necessary

to evaluate i_, THETA. Two types of equations are used;

a[_b + cx + dx2 + e]r --

and

4 bx 3 Zr = ax + + cx + dx + e

CONIC TYPE 1

POLYNOMIAL TYPE 2

The input fixed point variable ITYPE has a one or a two in the units position

which selects the upper (Z) or lower (I) coefficients and control information.

IEQNOW contains the number of the equation to be used.

3-8
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SUBROUT[N[BOUND(R,X,THETA,|TYPE)

I

, .I CC_PUTEO GO TO

; START _I IF THE VALU_ TRANSFER

!K=|TYP[-(|TYP[/|O)$10 OF' J TO

i |:|EQI_._,,/(_) |S STATEMENT
t 10

J=ZWALL(|,K) Z ZO

3 40

R=WALLCO (| ,1 ,K) $ ($QRT (AB$ (WALLCO (I ,2 ,K) + (WALLCO (I ,3 _K) ÷WALLCO(I a4, K) _xX) #X) ) ÷WA

I.LCO(I ,5,K))

THETA:. 5_WALLCO(! ,1 ,K) _ (WALLCO(] ,3,K) +?.x_/ALLCO(! ,4,K) _X) / (SQRT (ABS (WALLCO(I ,Z

oK) _' (WALLCO (I ,3 ,K) +WALLCO (I ,4 ,K) #X) _X) ) )

-_ G.O TO 30 I

I

R= (((WALLCO(I ,1 ,K)#X÷WALLCO(I ,Z,K)) #X+WALLCO(I ,3,K)) _X+WALLCO(I ,4,K)):_X÷WALLCO I

(I,5,K)

THETA= ( (4._ALLCO(I ,1 ,K)_X÷3._ALLCO(I ,2,K))_X+:>._/ALLCO{I ,3,K))_X÷WALLCO(I ,4,
K)

THETA=ATAN {THETA)
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FUNCTION NAME: DELTAF

DESCRIPTION

This function computes the turning angle through an oblique shock wave

knowing the shock angle and the upstream Mach number.

CALLING SEQUENCE

DELTA = DELTAF (EPS, EM)

where (DELTA) the turning angle is found from the shock angle (EPS) and

the upstream Mach number (EM). NOTE: The appropriate values of the

ratio of specific heats must be in common corresponding to the input Mach

number and the upstream entropy value.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

UTILITY - None

METHOD OF SOLUTION

The oblique shock relations are solved for the turning angle using the

relations;

6 = _- tan'l) tanE('kMZI Z+sin E }'-Z I.>(},Z)I_-1

FU_CT|_, C[LTAF(£PS)[M)

1STAR/_ GMtO'?'=(GAMNA'I")_'$ _ TEP$=SEP$/CEP$

&PtO,?.=tG&M_A_1.)$.5 $£P$=AS$(SEP$)

SKPS=SIN([PS) OELTAF=EP$-ATAN(TEPS#(I./(EM_SEPS)_#Z.+GNIC_.)¢(I./GP10_.))
CEPS:CO${EPS)
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SUBROUTINE NAME: DRIVER

DESCRIPTION

Driver provides the highest order control for program execution.

Initialization and logic subroutines are called from here. Most all the

common storage needed in the remainder of the program is specified here.

CALLING SEQUENCE

CALL DRIVER (K)

where (K) is a control constant indicating whether or not errors exist in the

execution of the program. (K = 1 for a detected error, X = 0 for no errors.)

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTROL/

COMMON/CRITER/

COMMON/CURVES/

COMMON/CUTFO/

COMMON/DATAR/

COMMON/FORCE/

COMMON/GASCON/

COMMON/HEAD/

COMMON/INPUT/

COMMON/JUGCOM/

COMMON/PLOTEM/

COMMON/STEPC/

COMMON/TAPEFO/

INITP

PLUMIN

PHASE1

SORTEM

POSIT8

JUGGLE

METHOD OF SOLUTION

Not applicable for this subroutine.
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FUNCTION NAME: EMOFP

DESCRIPTION

This routine computes the local Mach number as a function of local

pressure (static) and the local entropy value.

CALLING SEQUENCE

EM = EMOFP (P, S)

where (EM) is the resultant Mach number found from the pressure (P) and

entropy (S). NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

UTILITY - None

METHOD OF SOLUTION

Perfect gas relationships (thermally perfect) are used to find the

Mach number.

S/R

o 2

M - ° y---Z---

FUNCT|ON ENOFP(P,$)

RATGAH:GAHHA/(GAHHA-1.)

GSt0?.:(GAHMA-t.)_.5

PSTAR=PO/EXP(S/R)

[V_Fp=$QRT(((PSTAR/P),_(I./RATGAN)-I.)FGMICe)
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FUNCTION NAME: EMOFV

DESCRIPTION

This routine finds Mach number as a function of velocity.

CALLING SEQUENCE

EM = EMOFV (V)

where (EM) is the local Mach number which is found as a function of (V) the

local velocity. NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

TOFV

METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the Mach number.

FUNCTION EwO_v (v)

T
El

1 T
_TAR7 _----_ [W,3fV:5_RT[(TOITOtV('V)-t.)=Z./(GANWA'I*)}_ -'-''-'_

1 1 .............. _ !u
iR
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FUNCTION NAME: ENTHAL

DESCRIPTION

This routine finds the local enthalpy as a function of velocity.

CALLING SEQUENCE

H = ENTHAL (V)

where (H) is the local enthalpy which is found as a function of the local

velocity (V). NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

TOFV

METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the local enthalpy.

R7
h = T

_- i

FU'_CTION E_T-AL(V)

R

E
!

T
• E_';T,"AL:R_,(C,A_A/(GAMWA-%.) )=T,DF'V(V) I - O,

U

_- ." C,6
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FUNCTION NAME: ENTROP

D ES C RIP T ION

This routine utilizes the oblique shock relations to find the entropy

rise across a shock as a function of the shock angle and the upstream Mach

number.

CALLING SEQUENCE

DS = ENTROP(EPS, EM)

where (DS) is the entropy rise across the shock and is a function of the

shock angle (EPS) and the upstream Mach number (EM). NOTE: The

appropriate values of the gas properties must be stored in common upon

entry to this routine.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

UTILITY - None

METHOD OF SOLUTION

The oblique shock relations are employed to find the entropy rise

across the shock.

R )) L tanEds - }'- i

t

SE_S:51"_(£_S}

SE_S:A_S(SE_S)

FU_,CTI,.-,_,. E_;TR,-',_ (EFS .E_U)

C V:/_/ (GAMNA-I.)

EME_SO= (ENu,',:SEF S) _;:_,2.
.m

FACT 1: ( (1 .IEMEF SO+GMI. 02 ) I OF 102 ) _ _.'_Gk MI,_A

i Ee,_TR,.',F:C V-_ (ALC,C. ( ( (GAMMA ,":.EMEF SO-C, M1,2,2 ) IGP 1 C,2 )_FAC T ! ) )

R

E

T

• ;'U
r

IR

IN

;*56
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SUBROUTINE NAME: ERRORS

DESCRIPTION

This subroutine contains print messages for various errors which may

occur. This is an open ended routine in that it can easily be extended to

handle more print messages.

CALLING SEQUENCE

CALL ERRORS (I)

where (i) selects the message to be printed.

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

Not applicable.
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$U{3ROUT INE ERRORS iI ;
PAGE I OF 2

IHAX=23____._t

COMPUTED GO TO

IF THE VALUE

OF Z

IS

I

2

3

4

5

6

7

8

9

10

11

12"

15

14

15

16

17

18

19

2D

21

22

TRANSFER

TO

STATEHENT

101

lOZ

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

12Z

GO TO ZOO

GO TO 200]

GO TO 200 t_ITE(6jS} GO TO ZOO
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SL_ROUTZ NF" ERRORS (Z) PAGE 2 :)F 2

TO 200 GO TO 200

_(

t.,,'RITE(6,11) _._. GO TO 200
I I

V,.RI TE (6,12)

_z,E,o,l_,t-__ ,o2oo1. wRITE (6,15)

WRI TE (6,1_3_

t

GO TO 20D ]

_._'TE_O,I_,1_ TO_O01

GO TO 200 GO TO 200

GO TO 200 J GO TO 200[

GO TO 200

%4RI TE (6,20)

GO TO 200 I

-l
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SUBROUTINE NAME: ESHOCK

DESCRIPTION:

This subroutine employes an iterative solution to perform the equili-

brium shock calculations for a real or ideal gas. The real and ideal gas

calculations are similar, the difference being that an ideal gas case con-

verges on the first iteration.

CALLING SEQUENCE

CALL ESHOCK (SI, VI, EP, DELTA, $2, VZ)

where the input properties are (Sl, Vl) the upstream entropy and velocity

and(EP) the shock angle. The subroutine returns with (DELTA), the

turning angle and ($2, VZ), the downstream entropy and velocity.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

COMMON/GASCON/

TABLE

EMOFV

POFEM

RHOFEM

ENTROP

DELTAF

METHOD OF SOLUTION

The equation for conservation of mass through a shock wave and the

two independent equations for momentum tangential and normal to the shock

wave are rearranged. The rearrangement allows for expressing the equation

as functions of four unknowns:

I. _ the shock angle

Z. _ - the turning angle

3. $2 - the entropy level downstream of the shock

4. q2 - the velocity downstream of the shock
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One of the unknowns, E, is taken as an independent variable and an iterative

solution employed to solve for the other three.

For a more detailed description of the method of solution and a derivation

of the equations used, refer to Section 7 of l_eference i.

SUO,ROUT|NK ESHOCK (S% ,Vl ,EP,DELTA,S2,V :)) PAGE

E_:U:EMOFV(VU) _ CEP$:COS(EP$)

PU:POFEH(EHU,SU) SO:ENTRO_(EPS,EHU)+SU

RHOU=RH_=EH(EHU,SU) SDi=SO

SEPS=S%N(EPS) DELTA=OELTAF(EPS,EMU)

_fVD=vU#CEPS/COS(EPS_OELTA ) _-_ /_NO
ICON(16).EQ.1 W_ITE(6,1)S1,VI,EPS,DELTA,SD,VO

, o_

WRITE(6,1)EHU,PU,RHOU,GAHMA,R,TO

so,vo /|
W;_ I TE (6,2)

EMD=EHOFV (%D)

PO=PC_EH ( E,'-;O, SO)

RHOD=RHCFEH (EV, D, SD)

G1 =VD-VU*SORT ( (RI",OU,,_SKPS/RHO0 ) _<2+CEPS#EEP$)

EPS*SEPS*(RH_J/RHOO-I")'PU I---_

ASS(G1).LT.I..AND.ABS(GZ).LT..OOOI-_(pC _,'_ <'_._,SS(G1).LT.I..AHO.ADS(GZ).LT..O0

PLNRPO:PLNPFC_/GAHMA PG1PQ=I.+ACFLNRPQ/VO

PLNPP S:-1./R PG1 PS:A@LH, RPS/VD

PLNRPS=-I./R PGZPQ=PD:_FLNFPQ-A*RHCCC-PLNRPQ

l T.GT.20 }_

PG2PS:PO_PLNPPS-A¢KHCC_PLNRPS

SDP=SOe(GZ#PG1PQ-GI,;,FGZPQ)/(FCI_5.;GZFQ-PGZPS*PGtPQ)

VDP=VO-(GI+PGtPS*(SDP-_C_)/PGtPQ
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<

SUG ROUT I NE ESHOCK ($1, Vl j EP, DELTA, $_' j V2)

I,,.'_I TE (6,1) SO j VO, $DP, VCP, R ,GAKHA ]_t
I CC_N (16) .E@.I

2 OF2

I VZ=VO _t
A={RHOU*VU_;:SEPS)/(RI"K"._#VD)

CELTA=O.

$2=$D

_£ITE(6,1)SD,VO,OELTA_EPS,GI,G2 ]-4

---_-f C,O TO 40]

"
GO TO Z{] ]

ICON (16) .EQ.1

ITE(6,2)
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FUNCTION NAME: FNEWTN

DESCRIPTION

This function solves for the Newtonian impact pressure along the plume

boundary. The calculation is accurate for hypersonic free stream velocities

or quiescent conditions (i.e., Moo = 0).

CALLING SEQUENCE

PIM : FNEWTN (THETA3, X, ITYPEI)

where (PIM) is the hypersonic Newtonian impact pressure at the plume

boundary, (THETA3) is the local flow angle at the boundary, (X) is the

axial coordinate of the boundary point, and (ITYPEI) designates upper or

lower boundary. (i - lower, Z - upper)

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/

UTILITY- None

METHOD OF SOLUTION

The block common region - WALLCO contains the necessary informa-

tion to evaluate the free stream gas properties at the plume boundary point.

The impact pressure is then calculated using the following equation

P:P (i+_x)[1+_Mz_i_z(o-o ]oo oo oo B

FUNCTION FNEWTN(THETA3pX,ITYPEI)

|TYPE=ITYPEI-(ITYP[t/IO)#IO 1_f

F=2#(ZTYP[-1)-I

[EQ=IEQNC_/([TYPE)

p=WALLCO(IEQ,I,ITYPE)_(1.+WALLCO(|EQ,5_ITYPE)_X)

OAH=WALLCO(IEQ,2,ZTYPE)

EH=WALLCO(IEQ,5,ITYPE)

THETA=THETAS-WALLCO(IEQ,4,1TYPE)/57.295779

EKN=EH#SIN(THETA)

< FNED.rTN=p_ (1.+GAK_HN_EHN)

3-Z3



LMSC/HREC A783573

SUBROUTINE NAME: GASRD

DESCRIPTION:

This subroutine reads in the gas properties. These properties may be

real or ideal and read in via cards or tape. The routine also converts input

gas properties from MKS units to English (ENG)units if necessary.

CALLING SEQUENCE

CALL GASRD

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/XSICOM/

COMMON/CONTRL/

COMMON/DATAR/

COMMON/GASCON/

COMMON/TAPEFO/

GAS TAP

IDTAPE

METHOD OF SOLUTION

The gas name (ALPHA(1)), type units, and number of entropy cuts are

read in from an input card. If the gas properties are on cards, this sub-

routine reads the cards. If the gas properties are on tape, control of the

reading of properties is given to GASTAP. In either case, the properties

are converted from MKS to English (ENG) units by this subroutine if necessary.
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SUBROUTINE GASRO PAGE I OF 2

READ (5,1) (ALFHA (I) , I=1,4} ,UNI TS, I S

READ (5_2) STAB (I) , IVTAB (I)

L=IVTAB (1)

FOR

/'='"" .....'V I

J\  xTs /, -

K=I ,1÷1, • • • ,L

STAB (I) =STAB (I) #77B._32.174

L=IVTAB (I)

T=I.B#TAB(I,K,4)

EH=TAB(I,K,I)

TAB(I,Kj2)=I545.4_32.t741TAB(I,_,2)

\ REPEAT TO 60 \ !

). FOR __

TAB(I,K,4)=T

SBASE=STAB (1)
STAB (1) =STAB (1)-SBASE

L=IVTAB(1)

EH=TAB (I ,Kj 1)

T=TAB (I ,6,4}

TAB (I, _, % ) ..=EH_,'_SQR T (TAB (I, K, 2 ) _TAB ( I, K, 3 ) XxT)

XSI (I ,K-I, 1 )= ( (TAB (I ,_, I )#_:_)/TAB (I, K ,2) -TAB (I ,I_-1,1 ) X(_'ZI TAB (I ,K-1,2) ) I (TAB (I,

K-1,4) -TAB (I ,K,4) )

3-25



LMSC/HREC A783573

SUBROUTINE (',/,$RD •

XSI (I,K-l,1)=.fl#XSI(l,_-1,l)

XS! (I ,K-Z p2) =/.LOG (T/,3 (I pK-'1, S)/TA_ (I ,_ _ 5) )//`LOG (TAB (I _Y.-! ,4)/T/,_ (I ,_,4) )

WRITE (6,5) SBASE

iCC_ (1):IS .

R=TAB(% j1,2)

G/,_.;4A=TAD (1,1,3)

PAGE

\

ZOF2

WRITE (6,4) (ALPHA(I),I=I,4)
TO=TAB (1 _1 ,4)

PO.=T/'D (1, $ j 5)
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SUBROUTh-NE NAME: GASTAP

DESCRIPTION

GASTAP recovers the real gas properties generated by the NASA

LEWIS THERMOCHEMICAL DATA program and provides instructions for

writing this data on the MOC flow field tape. Only the gas properties neces-

sary for execution of the MOC program are recovered.

CALLINGSEQUENCE

CALL GASTAP

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

COMMON/DATAPw /

COMMON/HEAD/

COMMON/TAPZFO/
UTILITY - None

METHOD OF SOLUTION

The gas name, (ALPHA(I)), specified on the input data is compared

with av_filable cases on the thermochemical data tape until a match is found.

This particular case,is then read in and immediately rewritten on the MOC

flow field tape.

3-Z7



LMSC/HI_EC A783573

SLk3ROUT INE GASTAP PAgE 1 0 F 2

IRU.'N(7) =,RUN (7) +1

--I ',.,'RITE(3) (HF_.AOER (I), 1:I, 12), IEGN (I ! )

, /I=1,1+1 ,... ,4 1,,

1:I ,1 +1, • • • ,4

F_

READ(10) IV,10ATA,((TEHP(J,F,),F,:I,ICATA),J=IpIV) I-- ),
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SUOROUTINE GASTAP PAGE g 0 F2

_,,'RITE (3) I V, IgATA, ( (TENP (J,R) ,R=I, IDATA) ,J=I,IV)

IVTAB (I}--IV-Z
FOR

J=3,3+%,..., I

Ji':2= J-Z

TAB {I, JN2,1 )=TENP (J,7)

TA_ (I, JI-C2,2} =TENP (J,5)

TAa (I _ J_:Z j3)=TENP (J,6)

TAB (I , JH2,4) =TENP (J,3)

., _ JR
_RANSFER TO SU3RO<JTIN_h I F--

| ERRORS -I _ T

_x, 16 J "I uL
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SUBROUTINE NAME: HYPER

DESCRIPTION

This subroutine calculates the balanced pressure at a corner point

(i.e., at the intersection of a nozzle lip and the pressure boundary). The

pressure balance is determined for either the over or under expanded case

with impact or ambient freestream pressure.

CALLING SEQUENCE

CALL HYPER (PB, I, K, ITYPE)

where (PB) is the boundary pressure, (I, K).locates the boundary point,

(ITYPE) indicates if upper or lower boundary is involved.

and

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/

TABLE

POFEM

FNEWTN

OVEREX

ITSUB

THETPM

ERRORS

METHOD OF SOLUTION

The freestream pressure (may be impact or ambient) is compared to

static pressure within the plume. Depending on whether the comparison

indicates the flow is over or under expanded, a branch is made to (OVEREX)

or (THETPM). In either of these rout{nes an iterative process produces

the balanced boundary pres sure.
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SUBROUTINEHYPER(PB,I,K,ITYPE1) PAGE 1 OF 2

ITYPE:ITYPEI-IO#(ITYPE1/IO}

IT=0

F=I+Z_(ITYPE-Z)

VC=PHO(_,I,K)

SC=PHO(5,I,K)

THETAC=FHO(4,I,K)

I\ sc,vc /'

PC=P_CEH(EHC, r'V(VC),SC)

IEQ:IEQNO_(ITYF£)

PINF=V_ALLCO(IEQ,I,ITYPE)

GAMINF=WALLCO(IEQ,2,1TYPE)

HYPPC=FI';EWTt= (FX_THETAC, FHO (Z, I ,K), I TYPE)

CGNV=. O0 % .i_PINI"

PC. C,E. HYPPC _,

SAVE(1)=I. ANSFER TO SUOROUTIN h I

SAVE (2)=pB=HYPpc(HYPPC-PC}/100. J_k PB, I,K,ITYpEOVEREX /_-'_' Fc,FPB=PB-FNEWTN (F._PHO 14, I+J ,K) ,PHOI2, I ,K), I TYPE) J_

_T

TRANSFER ITOTsL_SU_RCXJT I N_-- 1

CO_,PUTEO GO TO

IBR:SAVE(t)

IF THE VALUE

It_R

IS

TRANSFE_

TO

STATENENT

10

, 10

10

10

50

40

j
\ /

CELACT=CELACT+OELTA

SAVE (1)=1.

ITER=O

I T= I T÷I

FIT=IT

CEL TA=. 0 5._,'--/F I T

"J OELACT=O.

L____ _L'qAV=OELTA

r

]_____R A N SF E R TO SEUB ROUT I N___._... _

scvF /

PB=POFEH (EMOFV (VF) ,SC) I_ _ FC, F-OEL.LT.O..AND. ITER.EQ.1FCNC'DEL---PB-FNEWTN (F_ (THETAC+OELACT) ,PHO (2, I ,K) , I TYPE)
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SUBROUTINEHYPER(PB,I,K,ITYPEI) PAGE 2 OF 2

OE_'O_LSAV'SAV_'C_V''O02 l
VC=VF

IBR:SAVE(1)

CO:_PUTEO GO TO

|F THE VALUE TRANSFER
IBR TO

|S STATEMENT

1 30

3 3O

4 30

5 50
6 40

r/TRANSFERTOS_ROUTZN_._

/ ERROeS _ u l
\ _' / IRI

W
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SUBROUTINE NAME: IDTAPE

DESCRIPTION

This subroutine writes the gas properties which were input via cards

on the flow field program tape. The format used to write them on tape is

compatible with that used for real gas.

CALLING SEQUENCE

CALL LDTAPE (UNITS)

where (UNITS) indicates whether the gas properties are being read in with

English (ENG) or MKS units.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/

COMMON/TAPEFO/

COMMON/CONTRL/

COMMON/HEAD/

UTILITY - None

METHOD OF SOLUTION

Gas property data is read in from cards. If not already in MKS units,

the data is converted. This converted data is then written on the. flow field

tape (tape 3).
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SL_ROUTI HE IDTAP_" (UNI TS) PAGE I

/

R£PF'AT TO 10[_
FOa

I=1 ,1+1 ,..., I

1

W_ITE(3) (H_'A_'R(1),I-'1,12),ICOH(11) _ W'/IT_'(3) (ALPHA(1),I--I,4),IS _--_

IV=IVTABII)+2 ] \ R?PEAT TO SO JN2=JJ-2

IDATA=7 _ FOR TE'vP (J ' 7) --TAB (|, JHZ, 1 ]
J J=3 J=1 _1+1,..., I TE_;P (J, 5) =TAB (I, JH2,2)

TEHP (J, 6) --TAB (Z, JM"Z ,3)

TEMP(J,Z)=TAB(! ,JH2,5) _----4 UNITS.NE.ENC,
T_'HP (3,4) --STAB (I ] 11

TEHP (J, 5)..TF'HP (J, 5) / (1545.4#32. 174)TEJ4P (J,2) =TEMP (J,Z) / (144._14.696006)

T_'HP (J ,3 ) --TEMP (J ,3)/1.8

TEHP (3,4) =TEHP (3,4) / (778. #-3:) . 174)

',,q_ITF'(3) IV,I_ATA, ((TEHP(J,R),K=I,IDATA],J:I,IV)
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SUBROUTINE NAME: INITP

DESCRIPTION

This subroutine initializes the values of certain control parameters,

thereby providing for proper activation of the program. These initial values

include:

i.

2.

3.

4.

5.

the number of the initial upper and lower boundary equations,

the number of the first characteristic line,

the initial number of degrees per Prandtl-Meyer ray,

convergence criteria,

maximum number of iterations.

CALLING SEQUENCE

CALL INITP

UTILITY l<OUTINES AND COMMON l<EFEl<ENCES

COMMON/CONTRL

C O MMON/C l<IT El<

COMMON/DATAI<

COMMON/HEAD

COMMON/S TEPC

UTILITY - None

METHOD OF SOLUTION

Not applicable.

SL_ROUT] HE| N] TP

i [

HEAOER (1)=HEAOP (1) I J

I RU;_ (5) =1

I EQ NC_,4 ( I ) =1

I EQNO'd (2) =I

/x.-,.,.,.....Io/ L , /,=,,,.,.....Io/ I

PAGE

IRUN (6) =1

STEP (I) =. 01745._?..

STEP (2) =4.

I RUN (1 O) =9999

ITLII-I (1) =100

ITLIM (6) =200

I TD-:Z=O

ITRIP=O

l
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SUBI<OUTINE NAME: INRSCT

DESCRIPTION

This subroutine finds the intersection of two straight lines.

CALLING SEQUENCE

CALL INRSCT (RI, XI, BETA1, RZ, X2, BETA2, R3, X3)

where (RI, Xl, BETA1) and (P_2, X2, BETA]) define the equations of the two

straight lines which intersect at (R3, X3).

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

The equations of the straight lines are written

r = tan_l (x - Xl) + r I

and

x = cot;_z(r - rz) + x z

These equations are solved for x but a test on the slopes is made to prevent

indeterminate forms. If an indeterminate form is possible, the points are

mapped one onto another, thus precluding the possibility of indeterminancy

except when the lines are parallel.

SL_ROUTINEI NRSCT (TI, TZ, T3, T4, T$, TS,R3,X3)

T(Z,1)=TZ T(Z,Z)=T$ /_NO

T (3,1) =T3 T (3,2) =T6 AB$ (ABS (T3)-PIC_) .LT..I A85 (T6) .LT..I

T (1,2) =T4 ]1=1

PAGE 1

IZ=3-I1

TRI&T=SIN (T (3, I1) )/¢0S (T (3,11))

TRIGE=¢OS(T (3,I2))/SIN(T(3,I2))

X3= (T (Z, ]Z) • (T (1,11 ) -T (1, IZ) -TR I GT,.',T (Z, 11 ) ) =TR I&C) / (1. - TR I GT,,"TR ] C,C)

R3=T (1, I 1 } • (X3-T (Z, 11) ) WxTRIGT
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FUNCTION NAME: ITERM

DESCRIPTION

ITERM tests each characteristic point to determine if it is within the

predefined problem limits. If the point falls outside the limits, the present

characteristic line is terminated and a new line started.

CALLING SEQUENCE

FUNCTION = ITERM (IP, K)

where (IP) identifies the characteristic point on the new (K) line.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CUTEO/

COMMON/DATAR/

UTILITY - None

METHOD OF SOLUTION

The angular orientation of a line drawn from the upper or lower cutoff

coordinates to the characteristic point is determined. Comparing this angle

to the angle of the upper or lower cutoff line determines if the point is inside

or outside the problem limits.
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FUNCTION ITERI4 (IP,K)
PAGE 1

X=PHO (2. IP .K) ILO(= (IPASS-I) _,.'_+ !

IPASS=I 8ETA:ATAN ( (R-CUTDAT (]LOC)) / (X-CUTDAT (ILOC÷I)) ]

F=I.

X-CUTOAT (ILOC÷I) .LT.O. _Y'_$'-t BETA=SETA+3.14159

IF THE VALLJ_ TRANSFER

F_ (BETA-CUTDAT (I LOC÷2} ) .GT.O. C_" IPASS TO
I $ STATEMENT

1 2(]

• 2 40

E

i x_Ass:21-i ToloI
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SUBROUTINE NAME: ITSUB

DESCRIPTION

This subroutine controls the iterative solution of any set of equations

which can ultimately be expressed as a function of one variable. The routine

can also be used to control an integration loop.

CALLING SEQUENCE

CALL ITSUB (FOFX, X, SAVE, CONV, NTIMES)

(FOFX) - function of X which is driven to zero

(X) - variable which is iteratively solved for

(SAVE) - program control, i.e., SAVE(I) is control counter,

SAVE(Z) is X increment

(CONV) - convergence criteria

(NTIMES) - maximum number of iterations

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

ITSUB modifies (X) in the proper direction by the decrement value

(SAVE(Z)) until the root has been bracketed. The method of false position

is then used to modify X until the solution is reached. Immediately after

entering ITSUB each time, the function is inspected for convergence. If

the function has converged, a program control is set, and computer control

is transferred to the calling routine.
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Nt=SAVE(3_*.tI....__,_
FOFxCK:SAVE 181_) FOFX=FOTY

X=Y

SUBROUTINE ITSb_ (FOFY,Y,SAVE,¢ONV,NTINK$)

ABS'_X'"CO._V.'E.0.F=--_I,,,_.EoSAVE,,,..,[-----_

C_PUTED f,O TO

IF THE VAL_ TRANSFER

• OF' ITIME TO

IS $TATERENT

1 10

Z 30

3 " 50

4 70

PAGE 10F2

N1=1

ITI_-"=Z

FCw"-XCK:FO,_X

SAVE (8) =FOFXCK

FO,"X.LT.O. _ F(I¢XCK.C,E.FCFX _ SAVF'(Z)=-I.C(SAVE(2)X=X_Z.:CSAt,K (Z)

SAVE (2) :-1 ._SAVE (2)

X=X+2..-WSA VE (2)

SAVE (4)=X

SAVE (5)=FOFX }-_

SAVE(5)=F'OFX -_ GO TO 90

X=X-SAVE (Z)

SAVE (7) =FC_X GO TO 90 NI =SAVE (3 ]
X=XeSAVE (2)

-'----I X=SAVE (4) -SAVE (5) X_(
GO TO 80

SAVE (6) =X

SAVE (7) =FC_'X
(SAVE (6) -SAVE: (4)) / (SAVE (7) -SAVE ($)) )
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SUBROUTINE ITSL.E3 (FOFY_Y,$AV'E,¢ONV,NTIHE5) PA+E Z OF 2

_]--_ _To12oI
ITINE--$

SAVE (4) --X

SA VZ (5) =FOFX

'SAVZ (6} =X

SAVE (7) =FOF'X

SAVE(1):FLOAT(ITIHE)*.I

Y:X
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SUBROUTINE NAME: KIKOFF

DESCRIPTION

This subroutine allows control to return to the Main program if an

error in the calculation is encountered. It also reads in the plot request

data if SC 4020 plots are desired.

CALL_GSEQUENCE

CALL KIKOFF

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

DRIVER

METHOD OF SOLUTION

Not applicable.

SUSROUT I i'_ K I KOF'F

REAO (S ,1 )

L.IJ
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SUBROUTINE NAME: LIMITS

DESCRIPTION

This subroutine tests the new boundary point to determine if it is within

the limits of the current boundary equation. Depending on the test, the options

are:

i. remain on the current boundary equation,

2. advance to the next boundary equation, or

3. the current equation is the last one specified.

CALLING SEQUENCE

CALL LIMITS (I, K, ITYPE, IOK)

where (I, K) represents the location of the boundary point in the PHO array,

(ITYPE) tells if an upper or lower boundary is to be considered, and (IOK)

is a control indicating if option I, 2, or 3 is to be used.

UTILITY 1%OUTINES AND COMMON REFERENCES

COMMON/CONT1%L

COMMON/DATA1%

UTILITY - None

METHOD OF SOLUTION

The radius (1%MAX) and boundary angle (THETAMAX) at the limiting

axial value is calculated in (BOUND). (1%MAX) or (XMAX) is compared to

(1%) or (X) for the point in question. The results of the comparison determine

if option i, 2 or 3 is to be used.
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SUBROUTINE LINITS(I,K,ITYPE,IO_)
PAGE !

i ,o,_=, _ r .
............ " 1_:0 | | IEQ=IEQNOW(I TYPEt )

START T-. _ F:t. I ..... '_ COORUS(2):WALLCO(IEQ,G,ITYP[1)

! ITYPEI:ITYPE:- (ITYPE:/tO)ttO) t
{. .........

L
................ A L......_ I............................. __.I u__ !

,o I / \--_-
.....:Z_-_ A"° i

, ........ z':\ ................. - ...... _ ..... ,...... r • , !c !

LY_J

(" Y
---_ . BOUND ' i - J.)

Lk_CkgRUS (1), COORU$ (Z), T" TIdA X, ' TYPE_2 ,
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SUBROUTINE NAME: LIPIN

DESCRIPTION

LIPIN calculates information for the starting line points when the

simplified straight start line option is used (i.e., when ICON(Z) = 0).

CALLING SEQUENCE

CALL LIPIN (COOR, S, INTOT, DELM)

where (COOK) is the starting line information array, (S) is the entropy level

of the start line, (INTOT) is the total number of input points specified (50 MAX),

and (DELM) is the change in Mach number along the start line.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/INPUT/

TABLE

RGVOFM

UOFV

METHOD OF SOLUTION

The start line input data is divided into the specified number of increments.

Radial gradients in Mach number, X, 8, are calculated. A quarter circle is

divided into the specified increments and data transferred, considering gradients,

to the start line.
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SU6EOUTiN[ LIFXN(COOR,S,INTOT,CELM) PAG£ !

........ t r-_ .................. I ..........................
PSI (t ,t) =CC.*C_ (t) t I PSI (5,t):S CHBR:CELM/OELR

FS[ (Z, t ) :CC,3R (2) i ._ PSI (6,1) :UOFV (PSI (5,1)) CX_R= (COOR (2) -COOR (6))/CELR

st._t _ pSl (].t_:_c.vc_,¢s.co:_(4)) -.... A= I NTOT-[ _ ..... DTHDR= ( (CCOR (5) -COOR (7] ¢,RACCEG) IgELR)/RAD_EG

_L PSI .......(4,t):¢OC'.R(3)/R.tCCEG'_ ............... j 1 CELR:CCOR(I)-COOR(5) ] OTHET=l.5707963/A__..

R£_pEAT TO -tO ' THET=THET-CTHET

• • _ F'OR r] PSI (1 ])=CCOR(5)÷(_ELR_$IN(THET)

•* THET:t.$?O7963 ! " -i '

...... ,; /I:2,2+I,...,INTOT t PSI (2'I)=CCOR(6)+OXDRt/(P5] (I'[)'COOR(5)) '"----->

............... [ . EM=CC,OR(4)÷P-MBR_(PSI(1,I)-CO.-'_R(t)) i

................. .................... F --

'4'''=_'-'-'_''*_'H_W_L CZ,_J'_OB_(_)) i ..... -;' TABLE -- ..... > PSI (6,1)=UCFV(PSI(3,1)) i.... -) CONTI_U_

i PSI(5,I,=s j kk PSI($,i),PSi(3,[ ) ) L ................................
...... /

R

_E

• r

, U

• W

#
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SUBROUTINE NAME: MASCON

DESCRIPTION

This subroutine calculates the Mach number distribution at an area

downstream of the throat such that total mass flow is conserved. Mass flow,

calculated at the throat, is used as the constant for comparison.

CALLING SEQUENCE

CALL MASCON (E, SE, DELM)

where (E) is the input line array (CORLIP), (SE) is the exit entropy level,

and (DELM) is the Mach number gradient along the start line.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

RGVOFM

RHOFEM

ERRORS

METHOD OF SOLUTION

The mass flow rate at the throat (hi*) is calculated. This (hi*) is com-

pared to that at the exit area for a given Mach number distribution. The

Mach number distribution is perturbed until mass flow is conserved.
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SUBE_UTIN[ MASCC',N(E,S[,_ELN)
FAG[

5TART
...............

F=t .*_.283| 8_rLOAT (|¢OH (7))

AT:E (8)

EE=[(I)

xE:EIZ} i

.................._ [-----.....................
, THETA[:[(3) TH[TAA:[(7)

EHE:E (4) t j DXDR=(XA-XE)/(RE-RA) _

,-_,,,F-] ,.O=ATAN,0X0R,|--I

VT=RGV,_"_ f SE. 1. ) s .) DELR-_.._RF'-RA)/IO, | ,j

' R_T-" R_E. (E_.',F'v CVT ), SE)i .... _ SAVE(t )=I. I_I

TMASS=R_ST,_Vr*AT I i SAVE(E]=O._,_(EME-I..I/O_LRi

R=RA-DELR*. 5

EMAS.$--O.

/D"" .....

................... -_ F-2_-I
R=ReCELR .....................

z THE TA: THETAA" (R-RA) *OTHET [--- .... ,_'_ ;N(_M'-_'_ "--] [MA$S÷F*RHO*V* (COS (THETA-ENU)/COS (ENU)) "R*'OELRI

i EM-'E_E*X|e(R-RE) .... _ RHO=Rr__ c.. it,. ,o=J j- "_ FOFXI=EMASS-TMASS

................... .

.,,w.

TRANSFER TO SLRSROUTIN_: _'_ *

• SA VI_, .O{301 *TMASS, §
..... _.j

CONPuTED GO TO

IF THE VALUE

OF IBR

IS

!

Z

S

4

5

6

TRANSFER

TO

STATEMENT

10

tO

10

1D

30

40

; I "

C£LM=XI*(RE-RA) t.... > GO T.3 _0

, ER.:.s i......HJl
\ ............': • /
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SUBROUTINE NAME: I_A-SSCK

DESCRIPTION

This subroutine keeps a running check on the mass flow. Mass flow

at the starting line is calculated and compared with that crossing each

characteristic line downstream.

CALLING SEQUENCE

CALL MASSCK (ILAST, ISTART, K)

where (ILAST) is the last point on the previous line, (ISTART) is the first

input point or axis point, and (K) represents the new characteristic line.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/

COMMON/INPUT/

COMMON/CONTRL/

COMMON/STEPC/

TABLE

EMOFV

RHOFEM

UOFV

METHOD OF SOLUTION

The mass flow through the start line/second characteristic line is

calculated and stored. Mass flow through lines downstream are calculated

and their values compared with the initial value. A percent change in mass

flow is printed for each characteristic line.
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SUBR,?UTIN£ MASSCK(ILAST,|START,K) PAGE

(r

START

i30 ;

_ ._-_! ! r..................I \i_;E,,TO20\

i RBAR= (PSI (1 ,J-l)+PS! (1 ,J))_.5 ANSFER TO SUBROUTINE _,
J:J-I

._ C£LTR=_$1 (t, J-t) -PSI (t, J) ); VBAR= (PSI [3, J-l) ÷FSI (3, J) ) t,,. $ |-----) I TABLE i----),

: C_'LTX--.S( (Z,J-I)-FS! (Z,J) I tTHEBR:(PSI (4,J-1)+PSI(4,J))*.5 I _kPSI (5,J-1),PSI (3,J-1) 2 i

i CA=SORT(CELTXeCE'LTX_'C£LTR*C£LTR U ................. i

.................. ! -

: ,................... - ....... _ .......... EM2:EIV_.."_FV (PS I (3,J))

|R_,=R,<-E, cE,,,_SX,,,J-,,, I---;_ ..... T.AB_E..... I .... _ R_:eAR:,R_,*R_.e,*., !------_

• -........ _............. J i
q

t( ................. __ ......... _,

: F_-id]
* . Lf_

...... ' * _ '': ''"" A"'" _ _'' _ ' * ' I .'A*(RBAR--_.' ' I _ - -- --_ WTFL.r_:WTF'LO+D_IL--OI--------_/M:ILAST''_------>, M.EO'1-i-_---_ J:O ! ........ '

i CWTF'LO=GE_OM_RHCeAR_VBAR#COS(ENU-THEBR) _CA ! [ . ! L J m_____-/ 1.....=................................ -=- ............. _ ' i

..... =........................... --..._

.... >.'_ FOR _, ....... ,_ CELTR:PHO (1, J÷l ,K) -PHO(I, J, K ) __

CEL.TX=PHO(Z,J+I,K)-PHO(Z,J,K) ----'1 VBAR=(PHO(3,J+I,K)+PHO(3,J K))_.S

I .......................... :

{

i ......... ); TABLE [ J EMI:EH,.'4:'V (FHO(3, J_'l ,K) ) I J " TAB' E _

!

i [wZ:[M'--fV(PH'3I_I,J,KI) l _" ' " ........... ]

, , _, R_"_Z:R_"_4t_2'PH'='(S,J,K)) I t GE,.'_=(1.÷A_;S.28518)e(1.÷A*(RBAR-1.))
RHC6_R: (R_.',I.RH.-,'Z)_. _ _ CWTFL,:,=GE_,4,:,RH,'_AR_VBAR._SIN(EMU_ARt:,pCA ]_ >

E_UU6AR-" (UC+'V (_'HC,(3 ,J"l ,v.) ) eU_:_V (FHO(5, J ,K) ) ) _.5 :, ......

SOF 2
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SUBROUTINe" HASSC_(ILAST,ISTART,_}

• L9 J
r _ -+ r---:--+ -'-X-4_.___o + )., , A.+, ..

-- --+ _" ' i --"J+- ..... _"....... " .................... +,.,,,+-,,,.,,.o+o,.,,,,.o+.......+_+,,,.,++....._++,_,.,,+,,.°.,.?+__,",... +r_T_,,+.-,+.+o,,,,,.,.ol+,I
'++-%+,,-S,.>---Iw+,-,_o,=,.,++-,.ot-+o,

................._+. ,........_._+ ,................-- _ ...................___+ +_+

9+I,r++._ zOF2

- _...

,+0+ ^ V.I

,+-_,,,,:,,.,,,-,.+,-,.,,._-,+,+,oo.,,..+,.°,j....,._--_++,_,>+....._+,-_,+,o,,,-,+.+,I-._ ;I
.................................. • ,- I.................... _j , I

• - _ ---" _1
• NI• t_-
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SUBROUTINE NAME: MOCSOL

DESCRIPTION

This subroutine provides all two dimensional or axisymmetric method-

of-characteristics solutions. The new point being solved for may be one of

five possible types:

i. interior point

2. upper wall point

3.

4.

5.

upper free boundary point

lower wall point

lower free boundary point

CALLING SEQUENCE

CALL MOCSOL (I, K, Ii, KI, IZ, KZ, IFLAG, ITYPE)

where (I, K) identifies the storage location for the new point to be computed,

(Ii, KI) identifies the right running (or upper boundary) known point, and

(IZ, KZ) identifies the left running (or lower boundary) known point. (IFLAG)

is an error indicator and (ITYPE) selects the type calculation.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

COMMON/CRITER/

COMMON/DATAR/

COMMON/GASCON/

TABLE

INRS C T

BOUND

ROTERM

VOFEM

RGMOFP

FNEWTN

UOFV

ERRORS

METHOD OF SOLUTION

The four characteristic equations are written as a function of five

variables (R, X, 8, V, S). An additional relationship is obtained by assuming
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the entropy (S) varies linearly between known data points. Using these
characteristic equations in finite difference form, the routine solves for a

new mesh point, knowing two mesh points of opposite family.

The solution is begun by setting the average values of properties over

the step length equal to the known values at the base points. Subsequent

passes in the iterative solution result in "updated" average values. The

iterative solution is continued until the desired convergence on velocity or

flow angle is reached or until the maximum number of iterations is exceeded.

For a detailed derivation of the characteristic equations and a description

of their application in finite difference form to the solution of the characteristic

mesh, see Section 6, Reference i.
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SUSR,':UTIhEwC< SOL (IN,,'KN, I N! ,KN!, IN;',KNZ, IFLAGj I TYPE) PAGE ! OF 5,

STAET-

ITT_Et:ITYPE/1D

ITTP£2:[TY;E-ITTYPE/t_}_IO

I:IN

[ i

• II=INt I

_. _ KI=KNI l
112:1N21

I TERAT:I } )_ XI=FHO(Z, 11 ,KI)
...._ IFLAG=I t ......i Vt=PMO(3'I1 'K1)

IPASS=I I- /THETA1=PHO(4,1 1 ,K1)J L .......
Ut=PHO(6,11,KI) .- ......

TABLE , _ RCI=R I ] THETA2=PHu (4, la,K2) TO
, t ......_ R2=PMO(I ,12,K2) {......_ SZ=PHO(5,12,K2) TABLE |---->

S2, .... /

[ GA_MAZ=GAMMA i

._ RC2=R _____

i V3:(Vt*V2)*.5 I
[ THETA3:(THETAI÷THETA2)_.5

53={$1+S2)=.5

UIB=U1

U2B=U2 }

R18=(R1÷R2)=.25 I

T

- i COMPUTED GO TO

R2B=(RI+RZ)_.ZS-_ IF THE VALU_ TRANSFER

THETIB=THETAI|I-------"-_ I CA=" ITYFE1 TO

tnE_%%:[_taZ |-----_VlB=V* _ i= -- IS3Zt STAtemENT,S*O,0

i '-q---q
CCWNVMI= (Vt+VZ)_.$ I r

i =
: IYLIMT=I TLIM(I} j._
! ¢,I_VAL=¢C'_VRG [1 )/,. ! . .

GO TO 20 i

'--- ...... g I --: I !

CONVMI: (THE'IAIeTHETAZ) #.5 !I ITLIMT=ITLIM(2) ---
CONVAL=CONVRC, (_)

L

F-- uI __
COMPUTED GO TO

IF THE VALUE TRANSFER

OF" ITYPEI TO

IS STATEMENT

25

Z 30

3 3D

25

F'-......
I _ETA t = Yi'_ETI 8-UtB 1 i

i BETAZ=THETZB'U_B 1...... -_L.__ TO 45 !

1

COMFUTE_ GO TO
IF THE VALUE TRANSFER

ITYPE2 TO

IS STATEMENT

1 _5 ,

2 40 J

l (.......... -_
I BETAI=THETIB-UIB _ I

l ------_ GO TO 45BETA:_=THETZB I t.......... _J

"........ i 45 i

r _ 40 --t _ ...........
" : -- /f TRANSFER TO SUBROUTine "_,

I ..;

[ ......................................

i COMPUTED GO TO
i IF THE VALUE TRANSFER

I C_ ITY_EI TO

...._ IS STATEMENT

i 1 5S

i z _o
3 55

t .

[ _o 1

IF3_X_ , THETA_ , l T YF[';_/"
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St_OUT INE_,_SOi. ( IN,KN, IN1 ,KNI, I_Z ,KN2, IFLAr.,, I TYPE)
_AGe: Z OF

'; F'v"_(I,I,_.):R3 I

i PM'[,,Z.I ,_):X$ i
......... _.ji

F_.o 'oI
i 16_ i r ........................................
• ,LYd i c_PUTEO_ TO I

/_S_ t IF Tile VALUE TRANSFER|

(,, E_'(-".c R3)(R;+R2";.,9.o].o _ o_ ,,,ASS TO t
,_ l C,':)'N ...... / .... "l IS STATEMENT I

....................... / 1 6o (

,(

: / ..................... f

• "- l i _ I' , ,,,,,_,,,,._:,;i-_L,c_;;i,_;i;_ - I-_I_-j_,_L--;t......_,;;;T"_A".'-E.;'Ta-I--_,r
i ................ j t - ] l ....._..... _l i l l

IQUACi=I )......

t
i

\

I OUA02 =P _....

I

-'_ CELTAZ:I-Z_IIQUAC2/Z) ..... HF1:ROTERH(THET1B'DELTA1'-UIB'PHO(IQUAOl'I'K)'PHO(IQUAD1'I1*K1)) ___

i IFASS:Z i L F2=ROTERH(THETZB,OELTA2,U2B,PHO(IeUAD2,1mK),PHO(IeUADZ,IZjK2))

[ COMPUTEO GO TO

I [F THE VALUE TRANSFER
_ ITYPEI TO

......_ IS STATEMENT

I 70

i Z 7_3 75
I

F-w-] _ ,
{- ..............

[ S'=S''.F'" (S'-S1)/(FI+F'q--_ L _ TO 9 rj 1

......
CC_PUTED GO TO [ 80

!

|F THE VALUE TRANSFER _"'-'_

OF ITYPEZ TO ( S3=S2 I ......

IS STATEMENT i V3=V2 1
1 80 "

2 85

............................................................................ ................................................

---)m GO TO 86

" ]
....... CC_PUTEO GO TO;5 1 ) IF THE VALUE TRANSFER

I.._"_. ) OF" [TYPE1 TO

, =,a=_,, ,,__ 151 STATEMENTi90

Z 90 i

3 87
L ...................................

[g_,.2_,,TY,E2-2,]
IE_:IEONOW(ITYPE2) |.... )_

/

, C,NEC -

........................................ \. R3 /J

l

...... ,/
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SUBROUTI_EM,XSC, L (I N,KN, IN! ,KNI ,IN2,KN2, IFLAG, ! TYPE)

................................. FSU18:SIN (UIB) SUZB:SIN (U2B) I

V3'_V'?'_Ew(RGuw'-¢P (_NEWTN(T'META3,X3,1TYPE2) ,$3) )X,.S÷V3X_.5 ] _ RI0:(RI÷R3)#.S | CU2B=COS (UZB)

.. . _....IR2B=(R2*R3,*.5I...._O,=CUla,'(SUIB_,VIB,)........
[cu18=cos(ula,( |o2:cu281(su_B,vzs,_ (

.......... [...............................r-.........................-I
AR,NSrER TO SUBROUTINE_ ' RAV1--(RCI+R),_.S ] I BI=SUtBW_CU,B.(SS-S,)/(RAVI_GAMAVS)(

TA'_LE i _ RAV2= (RC2+R)_.5 t _ B2=SU2BX=CU'ZBX_(S3-S2)/(RAV2_GAMAV?) t _._

S-3,,V3 GAMAVI= (GAMMAI+GAMMA) _. 5 J----I Gi=SIN (THETIB) _F1/RIB................./ IO'M':'OAM"'_'O"M'''.'I [ O_-'S'"""ET"'_',_'__ I

[ .......

j CC_PUTEO GO TO

, Ir THE VALUE TRANSFER

I OF" ITYPE) TO
L IS STATEMENT

! 95

I 2 100
, 3 115

_---] ...........

J V3=(THETA1-THETA2+O1_Vl+QZ_V2+AXC'_D_(G%+GZ)-B1-B2)/(Gl+Q2)THETA3=THETA2+Q2_(V3-V2)-AXO2D_G2+82

P_GE 3 OF5

........ I ,oo t
O."_HPUTED GO TO I

IF THE VALUE TRANSFER lC_m ITYPEZ TO

Is STATEMENT

I 105

2 110 I

J

[v,. ]--bo,o,,o!J

) 110 )

. .....v3= (TMETA3-TMETAZ÷C.Z,_AX.32_,-B2+Q2,VZI/Q2 -. GO TO 13oj

....... FT,-q _

l COHPUTEC GO TO

IF THE VALUE TRANSFER

OF ITYPE2 TO

IS STATEMENT

I 120

2 125
................................... i

120

-.... _ CO TO !30

[----1-_-.-_

-),
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130

/

TABLE

\\ S], v] )
.J

SUBROUTINEM,,gfSOL(IN,KN,INI,I_NI,IN2 KN2,1FLAG,ITYPE)

[- ............................. !
COMPUTED GO TO |

I IF THE VALUE TRANSFER /
.............. q t OF I TYPE! TO |

- D U3:UOF'V(V3) ..... )_ IS STATEMENT t

.... _ .... -J _ 1 135

2 135 I
3 140 |[ l

r-T'-;--] :
r .......... i

......... '.'...... _ _ TO i45,

FAGE 4 OF $

_L_6_TOi _---7o _160

I i4s ! __ _

i (C"v=TMETA3I-'" : , .... _ CONTINUE' "____(AB;--(E_V÷31i4)' (CONVM%÷3. |4)-1, )-CONVAL).LE.O. } :_ TERAT-ITL IMTI .GT.O LJgO--_
............ -J L i

__---W4

r-;;;:D;.,,-;7;_q
.! v2B: (vZ,.v3},,,.S ! r

.... ] U18: (ui-u_,_,._ I---_

[ _B: (_.u3)_.5 ! [

TMETIB:ITHETAI+THETA3)_.5

THET2B:(THETA2÷THETA3)@.5

ITERAT:ITERAT÷$
J COMPUTED GO TO

IF THE VALUE TRANSFER

CF ITYPE1 TO
IS STATEMENT

1 150

2 150

3 155

.r--7;;--I f;RANS'ERTos_,OUT,&h__r--_-_-_-_-_-_-__._.-_r
[IC4VM' :THE;A3"lJ_ TORO]; i-- ERRORSi, l_ 'FLA6:Z I_ GO TO,,O ]

r-';T;........_.'-A.T_ _l r....._-.'-_---, / T,.s,. TOSU._T,NE %
t BE i=i ET I ETA3-UI-U3)=.5 1 _ ITYPEt EQ 1 _.E.S_ INRSCT '-_--_

BETAZ=(THETAZ+THETA3÷U_÷U3)_ 5 -- * " t_ ' --
l " J ['" ' K.R2 ,Xl ,BETA1 ,RZ, X:1,8ETA2'PHO(I ' I 'K ) 'PMO (Z' I 'K)/J 1

J,
e; ....................................... ; ................ - ........... "- ................................. - .....

F-;;_--}

: _,..'>(5 i,,_):v3 t i _ z K l I EI
•".,",(_;l',_i:i_Ell] i i MOT ,I, }:?--_. I ,i T!

- > " ' ' _ 1..... II IFMO(I,K)=ITI'Pf.I / ........ )! .. t
_MO($, I ,K)-'S,} ! ._ i ' u

'; _- { , AFM,.fI,Ki:ASTER i t I

........................ 1.7.]

-7;A---"-I ,................-_ '\;E.EATTO,o_
[FASS=I | _ JEll:st| ...... _>.,_) roe \.

l('':|i ...... _ J(:i:J2 " _! ..... 7/'i (zi:iz ! I...... J
.......... ...,.J
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SU@_C,UTiNEMOCSOL (IN,KN, IN1 ,KN! , !N2,KN2, IFLAG, I TYF=E) PAGE

" -I \ RE_EATTO_ [
LI:I (IPASS) t \ F_. % ,

_r-3o....I
P (K) :F=HO(K,LI ,LZ) ]

F=Z¢ (IPASS-i)-I

BETA= (P (41 ÷P3 (41 +F# (P (6) +P3 (6)) ) _. $ ] ....

ABETA:ABS (BETA) i I

t

i _]_GT_F_)_AN_TA_LT_.OR.P_.LT_F=(1_.AN_.BETA.GT._.OR.F=3(2_.GT_P(Z)_

ANO.ABETA.GT.F=trO2.0R.F3 (21 .LT.P(21.ANO.ABETA.LT.PI<_
I .....

-Y[_'iI_=Z-IPASS/2

COMPUTED GO TO

i IF THE VALU_ TRANSFER

____ OF" |PASS TO

i iS STATEMENT

1 40

Z 50

50F$
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SUBROUTINE NAME: MONO

DESCRIPTION

This subroutine determines if the characteristic solution is monotonic

along left or right running lines.

CALLING SEQUENCE

CALL MONO (Ii, Jl, 12, J2, 13, K3, IOK)

where (Ii, Jl), (12, J2), (13, K3) designate the right running base point, the

left running base point, and the new characteristic point, respectively. IOK

is a flag returned to the calling program which is (0) if solutior, is monotonic,

(i) if a non-monotonic condition has occurred along the right running charac-

teristic, and (2) if one has occurred along a left running line.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/

UTILITY - None

METHOD OF SOLUTION

Envelope shock waves are detected in a method-of-characteristics

solution by crossing of characteristic lines which, mathematically, causes

a discontinuity in the flow properties. This discontinuity is interpreted as

a shock wave. This routine is supplied the two base points used and the

resultant new mesh point. Using this information, a discontinuity, if it

exists, is detected.

III

/
/

/ #II

II //_

eu 5
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Now

and

{ _u>_ _}_III = VII + _II c°s(@II + 4- sin(@ii 4- VII)

Effectively, this routine checks the sign of )_I'II and sets

e.g., if X i, AII > 0 IOK = 0

if li < 0 IOK = 1

if l II < 0 IOK = Z

IOK accordingly.

SU3ROUTYNE MONO(II,JI,IZ,JZ,13,K3,IOK) PAGE :

I'?,<=0

; ) IPASS:I

[ _ l(t):I:

[(Z):IZ

J(tl=JI Y FDR [
LZ:J(IPASS) _K-i '+' 7 _ ..... '

.......! /L_..:........... i / .......,

1

P ('_) =PHO(K ,LI ,L2) I

! r:2,, (IP'SS-%)-t

nETA: (P (4) *P3 (41 *F_ (P (6} _P3 (6)) ) *. 5 '

AClETA=ABS (8ETA) :
........ )

L.-___}'+. P' (1).GT.P(%)ANC," AND.gETA.LT. O..OR.P3.AgETA.GT..[02.0R.P3(I'I(')'LT'P (1).LT.P (')"AND.i3ETA. GT. O.. OR.P3.ANO.ABETA.LT.PI02 (') .GT.P (2) • ,__i_" !PASS-12_

m........................................................ .................

[,oj
I

; IF THE VALUE TRA'JSrER L 4o I E i
]

--- " - i IPASS=Z r-----_, O,. L Zu , :

Is STATE,tENT [........... _L ........ _ U i

t 40 R

! Z 50 N_

L ..............
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SUBROUTINE NAME: OUT

DESCRIPTION

This subroutine writes the calculated data at characteristic points along

with the corresponding title and headings.

CALLING SEQUENCE

CALL OUT (If, 12, K)

where (Ii, IZ) refer to the point numbers of the points to be output (any number

of points may be output at one time). (K) represents the current characteristic

line (takes on the value 1 or Z).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GONTRL/

COMMON/DATAR/

COMMON/GASCON/

COMMON/GASTAB/

COMMON/HEAD/

PAGE

TABLE

METHOD OF SOLUTION

Not applicable.
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SV_;,'UT[hE ,;,,Jr (iI,12,_}

3"[_,A(!,I,,I:!,_I_..IhFC,6_TFC,[=.,6.T/ :

tA_l tA (I ,_) , [-'! ,3 ,_/6r_...XLi ,6_ ,6M/

CATA (A (| ,41 ,]:| ,) ! 16.w._.E_',6m?j,::U_.,6MA_y/

_ATA(A(I,5),I:I,3)/6_U_ST,6._[A_S,6H_CfK/

CATA(A(I,7) i|=I,3)/6_C_N,6_$TR£A.,6H/

i Jl:II

J2=12

[C"l[:IC,:_i(_)/10

Li_CS_lOl¢_(ai-IO::I,:_IT

LHIGr_-- IRUN (5) I

" G,% T,:, !

r IRON(4).LT.55 ': hh) _¢ ;::AGE [ - -- -

IF THE VALUE

........... 1 i ,2_ LI_;ES
_IIT[16,21 !

4 lRC'lla):IRU_'l(4).2 i _ IS

o

, C,,:, TC,'

CC,;'_UTEO GC, T,:, 3'D ! F ..... L _ ..
i -- . i 30 ! A YESTR ANSFER i

-'L,\ r....... _ -- I L_s'\ .....
/_

TO ! _

,o i ........... :
30' i

• j--.'"'B -_ t _'RITE(6,8)
. .>..) b<:_ > .... >_) F,:_R >-- -.', F(L)=FMO(L,I,_<!

l'.:':.i'.:_'.::_:J.!/ '_+J/-.:..:.V

:i T_L[

\ ?(5) ,P(3) /

P (4) =RADCEGa:; (4) i

(3):E_C6VfF(5)) !

F (7} :RAO_EG_F; (7) !

; _w: I_0( I ,_) <'l

•"..... 1 ..... .G,D TO i : GO TO :

' 110 _ ',57

....... /Is\ ....... , __i'_\ ,
::,M.EQ.2.ANO.IC,_IT.EO.I ' ,","-% , M._'_E.5 _ NQ ),

C'?"=UT[O G3 rO

IF T_E VALUE TRa';S?ER

"_ IS':f< T,D

IS ST_TEuE_T

! 55

55

ISH.:<K:Z!

"57 )

'. °

../,31 \ . ..

57

• WRIT{:(6,4)ASTER,LM|GH,I, (A(L ,") ,L-'1,3_ ,(+: (t _ ,, :: ,_

: OF2
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SO, ROUTINE OUT (11,12,K.)

TeO T'_ 75

i CC_IPUTEO GO TO

........... t ; IF THE VALUE TRANSFER|75

i or LZNES TO |

]

"_.. IRUN 141 :IRUN 141-2 j--_ 1 IS231 STATEMENT 1809080

T (2)=POFEM (P (3) ,P (5)) .

T (3)=RHOFEM (P (3) ,P (5))

T (4} =TOFEM (P (3))

T (5) =vOFEH (P (3)) I-"-'---_
l

PAGE Z 3F2

| ....... &.'RITE (6,6) (T (L) ,L=I ,5)

IRUN (4) =IRUN (4) 4'1

GAM=GAHMA

WEIGHT=1545.4_32.174/R

/ ,...s;ERTO._.O_.,.E \ _..SFERTO_T,Nh --
.... _ ESHOCK 1--4 .r TABLE [---H POSTAR-'POFEM (0.

' P(5),T(5),PIC_,CELTA,SSTAR,VD_ _ SSTAR,O. _, L

,SSTAR) ]_----I"

I

!

i
J

t _WRITE(6,9}V, EIGHT,GAM,TO,POSTAR,BSTAR

! ............. ;.R t'_'4̀4 , = I RUN (4) .!

Lzo j L,_,o

i 10g ( J E l

TIIC¢'NTZNU(:..........; u

: ........., iR ;
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SUBROUTINE NAME: OUTBIN

DESCRIPTION

This subroutine writes the calculated characteristic point data on the

binary output tape. This is done for any number of characteristic points.

CALLING SEQUENCE

CALL OUTBIN (If, IZ, J)

where (Ii, IZ) identifies the range of points to be written on tape (If is first

point, IZ is last). (J) represents the current characteristic line (I or 2).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAR/

TABLE

EMOFV

METHOD OF SOLUTION

Not applicable.

SU_RC,UTI_EOUTSIN(II,I2,JI

_""' ...._,_-,:,;-,,.,<!,......>-X-,,z_''':'_.....'_i _"o'',',::_"<o<_.',_',,'_'°<''_':<"<>''''"°`'''_''

W,K ,,;_-.............._........... _ A_'<'_il'c_ ......i ITI'I3,11.AST,II.AST,Ii..AS'r,II.ASTt--×'z_";,_'b---_

i .....

[ ...... .... ...... ---

- i _`_E(3)_(_H_D(_K)_PH_(_K_Ft_D(2_K_APH_(_K)_PH_(4_K)_H_(5_I_K)'_H_(_K_pH_K))_2)

_AGE

t
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SUBROUTINE NAME: OVEREX

DESCRIPTION

This subroutine solves for the shock angle at the nozzle lip when the

flow is over expanded. Provisions are made to calculate the shock angle

for an upper or lower lip point, l_eal gas effects are considered in calculating

flow properties downstream of the shock.

CALLING SEQUENCE

CALL OVEREX (PB, I, K, ITYPE)

where (PB) is the freestream pressure at the boundary, (I, K) define the

location of the lip point in the characteristic data (PHO) array and (ITYPE)

indicates whether an upper or lower boundary is to be considered.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/DATAP_/

TABLE

ESHOCK

ITSUB

METHOD OF SOLUTION

An initial shock angle is guessed. This shock angle is perturbed

in ITSUB and the result used to calculate flow properties downstream of the

shock, including static pressure. The calculated static pressure is compared

with the boundary pressure and the arbitrary difference function (FOFEPS) is

driven sufficiently close to zero by successive iterations for the convergence

criteria to be met.
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$UBROUTINEOVEREX(PB,I,K,ITyPEI} PAGE 1

START

• ...................... ,j

1T YPE-- [ T'fFE 1 - 10..* ([ TYPE1/t O) i ----

• • F= 1 _2,'s ([ TYPE-2) I V1 :PHO(3 ,, | ,K)
SAVE 11 ) :I • I S1 :PHO( .5 _ I _K )

SAVE (2):-,04_=F i,
t ....

I ...... ;W TABLE |------_ EMU--'EMOFV (v!)

t \ ; L

4 .......................

//'TRANSFER TO SUSROUTINE_I F .....................

|-. -)_ ITSUB I .... _ IBR=SAVE (I) -

FOFEPS=PB-POFEM(E_3FV(VZ) ,SP) ] _,,,[OF'EI:s,EPS,SAVE,CONV,IO# i
F

_ COMPUTED GO TO
i IF THE VALUE TRANSFER

] 11 Or IOR TO

j lS STATEMENT
l

...; I 10

; 2 10
i

t 3 10

4 10

20

6 3O

r---J--}

PHO(2, I÷1 ,K}=PHO(2, I ,K) PHO(6, I+1 ,K)=UOFV(VZ) r

PHO(3, I+t,K):V :_ PHO(7, I+I,K) =EPS

PHO (4, I+1 ,K )=PHO (4, I ,K) ÷OELTA IPHO(I ,K) =4 i

IPHO(Z+I,K)=4 ;....

¢(................-..................................-- ............................................................................... "_

--_ f,o TO 40 ! .'. ERRORS ,--:_ ,', )
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SUBROUTINE NAME: PAGE

DESCRIPTION

This subroutine page ejects and writes the header comments and page

number on each page of printout.

CALLING SEQUENCE

CALL PAGE (LCNT)

where (LCNT) is a counter which monitors the number of lines of printed

output per page. (LCNT) is re-initialized in PAGE.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/HEAD/

COMMON/CONTRL/

UTILITY - None

METHOD OF SOLUTION

When the maximum number of lines per page have been output, (PAGE)

is called to page eject. It then prints the identifying information and the page

number, increments the page number and re-initializes the line counter.

° . _

, ' ' ', _,_" <_ ,.WRITE<e,P,<.EA.ER<:>,,:,,,., .'C,_,:+";.r_,:_'< ,...._l:E/_>.. '.._(ilE(O IIICC, N(ll) IRUN(6I i
- I_ U_; (6) : I R _JK (6) "! 1 IT '. ...........

b C

T
i

u

.

:o
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SUBROUTINE NAME: PHASE1

DESCRIPTION

This subroutine provides the necessary logic to successively employ

the proper calculation at the proper time in order to describe the entire

characteristic mesh. Direction is given to calculate the flow field throughout

the nozzle and plume, and termination is achieved when a right running shock

intersects the boundary or problem limits have been reached.

CALLING SEQUENCE

CALL PHASEI (IFINIS)

where (I_'INIS) is a flag to bring in an additional logic routine (non-existant

for present setup) for additional calculations after Phase 1 is through.

Currently (IFINIS) remains zero and represents growth potential only.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

COMMON/DATAR/

COMMON/INPUT/

COMMON/STEPC/

TABLE

OUT

THRUST

OUTBIN

MOCSOL

LIMITS

BOUi<ID

PRANDT

H YP E R

POFEM

EMOFV

RGMOFP

VOFEM

THETPM

MONO

TURN

OVEREX

ERRORS

SHOCK

MASS C K
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METHOD OF SOLUTION

In general terms, the flow properties at an unknown characteristic

point may be expressed as some operation (_) on some number (_i, _)Z, ....

4_m) of known points. These operations (_) differ according to the type of

unknown point to be calculated. Presently, the six types of unknown points

dealt with or six operations (_) performed are:

I. starting line point (_0)

Z. interior point (_I)

3. boundary point (upper or lower) (_B)

4. attached shock point (_AS)

5. shock point (_S)

6. Prandtl-IVieyer point (upper or lower, solid or free) (_PNi)

Basically, PHASE1 contains the fixed point arithmetic necessary to perform

the above mentioned calculations. Through this system of fixed point arith-

metic, the necessary types of calculations are performed on the proper known

characteristic points to produce the new characteristic point. For a detailed

description of the fixed point arithmetic and examples of its use, see Section

I0 of Reference I.

3 -69



LMSC/HREC A783573

S_ROUTI_E PHXSEt ({FINIS) PAGE t OF _3

........ 1 ! 1

_____ I SH.XK.E=.fl ISHOEK:99"_9 1 [ _"_i

i
I IS_X_:I(ON(g)/IrJO IFINIS=O IuPPER:22 I i

_UT.:_'F:O r_ I(ON(Z)'GE'%O I_ IRIGHT:% IRIGHT:%

IRIGHT:OI L J

• ....... I

I
I I TOT:ICON (3) - (ICON (9)- (ICON (9)/100) _iO0)

IEP S: ICON (3) - I SHOE KEPS:PSI (6,1EPS)

'_ REPEAT TO 7 \ \ REPEAT TO 6 %k '

/.:,.,., .....,TOT/ _ ' /_:_'_'_.....°/ i
_- .

F-_
PHOCHM,N,I)=PSl (MM,M)

IPHOCN,I)=O

NS--;E_T_?;_OUT:"_
SI (5'M} 'PSl (3'_I} /

PHO (6 ,N, %) : UO("V (PSI (3 , M) ) PHO (7, I SHOEK÷% ,1 ) =EPS/57. 295779

l I START:ICON (3) - (ICON (9) - (ICC_N (9)/IO0) _100)

(

I_____RE_EATTOTO\
FOR __.____.

"] TO SU_3ROUTINE_ . PHO(6,I,I)=L_FV(PSI(3,I)) I _, IT3T:I !
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SJS_,ouTI_r PHASEI (IFI'41S)

..... F-io03
1:I T

ITOTJ:ITOT ' _ I STOP= I STO# ÷Z,_, ILOG IC - ._.- IEXP,XI LOG IC - I R I C,H T_ I LO'C, I C

ITO't=ITOT"2*ILC%IC-IEXP_IL:'_C, IC-IRIGHT,_ILOGIC ' L ISH,XK=ISHO(K÷Z._ILOGIC-%-IEXP,_ILOC, IC-IRIGHT,WILOGIC

I STAR T= I STAR T', IkOf, I C i L

]-I

P,GE Z OF13

IRUN(4):BO

YES

IRUN(S)=IRUN($)+% I _ _ . _ REPEAT TO

kC2_2_J-I .. l _ ,=,.,. , ,.. .
.. @

L__jl PHO(W,! ,K}:PSI (M,ISTART)

TRANSFER TO SUBROUTINE PHO(6,% ,K):EX)F'v(PSI (3 ,ISTART) ) ]

TAi3L_ PHO (7, _. ,K) =ft.

JkSI(S,ISTART),PSI(_,ISTART)/J_... IPHO(I,K)=O =,

, ', . "

,...------_ IExPW, ILOC. IC.GT.O IPHO($ ,K):'L OUT _ GO TO 150

L_ 1,1,K / i

_Jo0

'I__.Z4¢0 TO ]

J

• \ REPEAT TO lZ2 _ r_.t9._)._ FOR ,4t=Z,oT._.z-,w_
....,_Z.E_.!.*'_O.P"O(",Z,_-PHO(6,Z,_).LT.PHO(,,,_,_)/._=z,z÷s ..... ZTOj L .....J

!.'?,."_-::..:/
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$J_ROUTI'_E" PHASE! (IFINIS) mAGE

( -

_ ll I
PH.) (_ ,_ , J ) = (PH,_ (_.I_.,_ ,J ) e_HO (M% ,% , J ) } *. 5 -__

-.> ISH,X_:ISH,XK-IITOT=ITOT., F-----_-ITOTJ:ITOTJ.%_--_LGO TO 120 t

: _ I STO_: I STCxO÷%

/TRANSFER TO SL_BROUTINE_

} OF 13,

I Iz4s i l_ZS I

i '_---_-S-X ...... /TRANSFER TO SU_ROUTINE_ /IsX_ ' I ITRANS(IE@,%).EQ.O'_,

j -,

_REPEA TFORTO

_ . 1240

_----- __ H: (WALLCO (IEO,6, % )-PHO (?, I ,IK) ) / (PHO (2 ,% , J) -PHQ (2, I ,IK) ) _l / MF=:I '%÷I ..... 7/ l

PHO U.IP , I ,K) :PHO (NP ,I ,K) +HXz (PHO (MP , % ,J) -PHO (MP , I ,K) ) THRosT

TRANSFF'R TO SUBROUTINE RANSFER TO SU_ROUTIN !l IEQNC_'V(I):IE'_"_(t)*" :

"--.... _ I S(IPL:I $_IPL-I OOUNO OUT 1--"---_ IEg= IEQ_q (%) -

L_O TO I GO TOZ4'_ ] __ O
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$U_R]UTINF. PHASE% (IFINI$) PAOE 4 OF 13

/"":"....'/ / '---::-XI i ,
,_M X_:I I.I ... 6 I ILOCIC:! Jl:J ICOhI(3):NP_

/ .... I SHOCK: I SHO(K+I J:K

L ........_. PHO (2,I. ,K) . OT. _,/_LLCO 11E_ .6,1 ) .ANO. I TERM (I ,K} .LE.O _I IEQI_/(I ) : IEQNC_ (1) +1

i IE_ZX,,'I1}:IE_N,_(%).','% C.,O TO 1_0

L

[_-_---_ I #RANSFER TO SL_ROUTI NEX_

ILOWER:_I _ HYPER

XSI (I):WALLCO(IEQ-%,6,1) j K PB,I,K,I / i

i

PB.GT. POFEN (EH(_" V (PHO (3 ,I ,K) ) ,PHO (5, I ,K) )

I

,_ VI:PHO(_ , I ,K) i

EMB:RG_,3,:P (PB ,PHO(5 , I ,K) )

]
,----V

TRANSFER TO Sb'_IROUTINE _ I

.... _ THE,F'M _-------_ THETAB: THETAB.PH,_ (4, I ,_) }----I GO TO , 244 i

_HO($,I .K),THETkB,VB,VI ,2, V t

(

%30 i
l

____..s\__ _

, r- REPEAT TO 1

......._ w_: (W_,LLCO lIE 1.6,11 o_H,9 (._ ,I ,'_) ) I (PH3(_ ,I ,J) -PHO ('_ ,I ,K) ) -I .E-7 NP:I ,% ".'1,• . .
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SUS_DUTI_E P_,_SE! (IFINIS)

_'_) (_ ,[ ,K) :PH3(WP ,| ,K) +H* (_H,3 (MP,1 , J}-PHO(WP,I ,K))

............... J

.........
• _. ) OIST=S,_RT{(PHO(1,1,J}-PHO(I,I,K)),_4e'_+(PHO(2,I,J)-PHO(?,I,IK))_,_;")

4 I

PAGE S OF 1 3

1

H=STEP (3) /DIST

r----]

.... ),.-- FOR PHO (6 % ,K) = Uc"OFV (PHO (3 I ,K) ) I TOT= I TOT÷I '

7 '_P= % ''' "% ..... 7//_ I SH_=ICELD= IDELD-11SH,_K+I I STOP= I STC_.I _!

,E....... C.,-

i " , v=._ _RANSFER TO SL_ROUTIN ' ]k._ RANSFER T_ T_KL'_ ROUT I _E_ )'
L---___ ILCX.JER.GT.'XO.ANO.IOC)N(14)/IO.E{}.I ___ SHEAR _ IDELD=IDSH+IDELD e ,

- ' _,J,I,K,IOSH,×SI(1),I/ [ ITOT=ITOT-ICSH I _._

!o% T--TI

r" AYES

_)LIFLAG'GT'I _ ISKIPL.GT.1 .AND. ILOWER.LT.30

RANSFER TO SUBROUTINE_...i

THRUST

I,K,I,J,%,2 / z

ISKIPL=ISKIPL+%

............... ,.F;TT_/_;-;

E J t l "_ l l _L

• h
, -) I'_:I*ICELU,.IOELO.I-_.ILC_IC,,IE:(P_ILrX. IC.IRIGHT(,IL,.'X. IC I TRANSFER TO SUBROUTINE

-v. I "

........ IZ-. 1 ............. __ _,K, I1, J, IZ,K, IFLAG,%
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S'dDRO'JII_E ;HASEI (IVINIS)
PAGE 6 OF 13

* ?
) f:> .

T -

AYES

p-o 
_° __J

<UTC_F.GT.O.ANO.ITERM(I.K).C,T.O _ HONO _--

1 "! :I J _z,_r ,< Io,< /J

, LEt_ _] i _,0 )
_,1-77--TO---I t_'_ TOi
I''O_._____J L,o_o_j

F 1 --I ,->
I I . 1 1/..7____1 "L__ _ !

; II:I',,IOELU_.IDELD-Z_ILCK. IC+IEXP_xILOGIC+IRIGHT,',_IL,..Y.,IC

12:1-1

4_30GO TO ]

J

I / TRANSFER TO SUBROUTINE "_ i"_-'/IS_"X----"l

' _ _ IFLAC.. GT. I

b--_ ,._:sol _ • --
l _,,_,,,,,,,_,,_,,_L_,_:,:_-y _ , .

IEQ:IEQNC_(2}
ITRANS(IEO,2).GT.O _t

i
__.___v

, ,o,6oI

.................... _............... q r_ ................... 1 i _ ...... 1
. , ,.,+,.,., .<,._,._,,:-<..-,,,_._,_>.,>_.,,.,,,, .<>.u_.o,_=_ ,CL_f2,_-,L_:_.E,,>"T.'._._.J-_ °> "7 ,_

m m

[ C,?,'_ T I "_,._T •
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Pelf

|,,¢_

t

,_ U T,'_'r : I

IKQ-" I _ r_',"-'_ f 2 )

II T.. • (_M , I ,I 1 q r _1,'_ i_n , I ,R I _ll (PI4 0 (_1_ t I | , J ) -PH_ (_ ,| ,I_ ) !

; 0(I

i

" OFt:)

_1_ !,$*1,,

- _,m.lO

-l(| , I I , i_ ,p.-_(_. ,i ! . i_ .P.-_ll ,| I _,? I

j"
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ileal

Ir I! • fr I'* ,,_t? _

It},l 4!P_-|r}'i ,,41_*|

ir _*Ir 1,i ,_41p)
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SUBROUTINE NAME: PIJUMIN

DESCRIPTION

This subroutine reads in the input data (input via cards) necessary to

complete the method-of-characteristics solution. This input information is

routed by PLUMIN to various supporting routines depending on the options

selected.

CALLING SEQUENCE

CALL PLUMIN

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/COONED/

COMMON/CONTKL/

COMMON/CUTFO/

COMMON/DATAR/

COMMON/GASCON/

COMMON/HEAD/

COMMON/INPUT/

COMMON/JUBCOM/

COMMON/STEPC/

PLMOUT

GASRD

BOUND

LIPIN

A OAS TR

MASCON

KGVOFM

UOFV

TABLE

TOFV

EMOFV

POFEM

METHOD OF SOLUTION

Not applicable.
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SUBROUTINE NAME: PLMOUT

DESCRIPTION

This subroutine prints tile data read by (PLUMIN}.

CALLING SEQUENCE

CALL PLMOUT (KP, LCNT)

where (KP) is a control parameter which is set in PLUMIN, and (LCNT) is

the printed line counter.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

COMMON/CUTFO/

COMMON/DATAR/

COMMON/EMCURV/

COMMON/GASCON/

COMMON/HEAD/

COMMON/INPUT/

PAGE

TABLE

EMOFV

METHOD OF SOLUTION

Not applicable.
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FUNCTION NAME: POFEM

DESCRIPTION

This function computes the local static pressure as a function of Mach

number and entropy.

CALLING SEQUENCE

P = POFEM (EM, S)

where (P) is the resultant static pressure found from the Mach number (EM)

and entropy (S). NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

UTILITY - None

METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the pressure.

P

._L_r

= Poe'S/R( 1 + y- 1 )Z MZ Y- 1

&NIO2=(GAHHA-|.)*.5

RATGAIt=GAIIIIAI|GAHHA-|,)

PSTARuPOIEXP(S/R)

POF[N=FSTAR/((I,_GHIC2#EN$EN) ##RATGJU;O
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SUBROUTINE NAME: PRANDT

DESCRIPTION

This subroutine computes the Prandtl-Meyer expansion angle for a

given boundary angle and divides this angle into a series of expansion "rays."

The flow properties at each angular increment are set and stored in the

Characteristic Data (PHO)array.

CALLING SEQUENCE

CALL PRANDT (I, J,

where

THETAB, NPM, IFLAG, ITYPE)

(I) - represents the corner point

(J) - indicates a characteristic line

(THETAB) - is the boundary angle

(NPM) - number of Prandtl-Meyer increments (calculated inPRANDT)

(IFLAG) - error flag

(ITYPE) - indicates if upper (2) or lower (1)boundary

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CRITER/

COMMON/DATAR/

COMMON/GASCON/

COMMON/STEPC/

TABLE

THETPM

UOFV

METHOD OF SOLUTION

The routine is entered with known flow properties and a known corner

and boundary flow angle. From the known angles and the preset number of

degrees per ray, the number of increments is calculated. The number of
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degrees per ray is then adjusted by a weighting function. Subroutine

(TtIETPM) is entered with known initial conditions and the adjusted number

of degrees per ray and returns with a final velocity, These new conditions

are then set into the (]:'}I-IO) array.

IUBROUTIN[ PRANDT(IIJ_THETABwNPHtiFLAG,ITTP£) PA$[

R(zPtlO (1 t I w$1 ANSF'ER ROUTIN THI:'TAC: PtfO (41 i t J )

XC=PflO(Z, I t J) NPN=ABS ( (TIIETAB- TIfEIAC)/STEP (|) )

, . ,.... , e

It

Vi=VC

THETA|:TNETAC

K:O

OPi_=I.STO79G3/FLOAT(flPM)

ARG=ARGtDP|O"_

OEGPNP=(THETAB-TH£TACI_(|.-CO$(ARGI)-(THETA|-THETAC)

KP|:K*]

PtlO(I,KPIIJ)=R¢

PflO(2wKPlfJ)ex¢

PHO(SIKP|oJIzOC
THI_TPH _ THETA I: THI=TA | 4"D(GPNP

t%S%C,OEGPMP,VSTAR,VI ,| eiTYe_// L
PHO(3eKPIfJI=VSTAR

PHO(41KP|,J)=TII[TAi

PHO(G,KP|,JI=UOFV(VSTAR)

PHO(T_KP|IJ)=O.

J

|PHO(KP|tJ):5

APHO(KPI,J):kSTER

V|mVSTkR

KY(S
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FUNCTION NAME: RGMOFP

DESCRIPTION

This subroutine finds Math number as a function of pressure and

entropy. The difference between this routine and EMOFP is that in this

case the gas properties are not known prior to entry.

CALLING SEQUENCE

EM = RGMOFP (P, S)

where (EM) is the resultant Mach number and (P) is the local static pressure,

while (S) is the local entropy.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASTAB/

COMMON/GASCON/

POFEM

EMOFV

ITSUB

TABLE

METHOD OF SOLUTION

The real gas tables have, as independent variables, entropy and velocity.

If the velocity is not known, an iterative solution must be employed to find

Mach number from pressure and entropy.
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10
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TO ÙU3ROUTIt_

)
3-97



LMSC/HREC A783573

FUNCTION NAME: RGVOFM

DESCRIPTION

This subroutine finds velocity as a function of Mach number and entropy.

The difference between this routine and VOFEM is that the gas properties

are not known prior to entry.

CALLINGSEQUENCE

where V

(EM).

V = RGVOFM (S, EM)

is the resultantvelocityformedfrom entropy (S) and Mach number

UTILITY ROUT_ES AND COMMON REFERENCES

COMMON/GASTAB/

TABLE

VOFEM

EMOFV

ITSUB

METHOD OF SOLUTION

The real gas tables have, as independent variables, entropy and velocity.

If the velocity is not known, an iterative solution must be employed to find the

velocity from Mach number and entropy.
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FUflC T |ONRGVOIrM ($,[H)

l S'-ICON (t)

V: VOFEH (EN)

SAVE(I)=1.

SAVE (2):Ve.01
,,, 8,¥ , , / I

.L

FOF £tC:iDr.O_V ( V) - E:II _ |TSU3

, _O_.,V,SAV_,¢_,_V_,99_/ "

|OR=SAVE:(S)

COt(PUT[O fwO TO

iF TH[ VALUe

OF IBR
Is

I
2

3
4

$

G

TRAHSFEfl

TO
STATEM[NT

I0
SO

lO
sO

tO

30

7

f¢_TRAtiSF£R TO St_i_)UTIPi_ [
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FUNCTION NAME: RHOFEM

DESCRIPTION

This function computes the local density as a function of Mach number

and entropy.

CALLING SEQUENCE

RHO = RHOFEM (EM, S)

where RHO is the resultant density found from local Mach number and local

entropy, NOTE: The appropriate values of the gas properties must

be stored in common upon entry to this routine,

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

POFEM

METHOD OF SOLUTION

Thermally perfect gas relationships are used to find the density.

-l

, :Y-I
P: #o + M

FUNCTION RHOFICN (ICM, $)

GH|mGAMI4&-| •

GNIO_:Glll _. S

RHOSTR:POFEM (0., 8) / (R#TO)

RHOFI[N=RHOSTR/( (1 .*GNIO2 _H#-"H) at4_(|,/GN| ) )
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LMSC/HREC A783573

DESCRIPTION

This routine computes the rotational term (FI,

of-characteristics routine (MOCSOL).

FII ) used in the method-

CALLING SEQUENCE

F = ROTERM (THETA, DELTA, EMU, R3, RI)

where (THETA) is @I or @II (flow angles of the known points)

(DELTA) selects quadrant

(EMU) is 5I or _II (Mach angles of the known points)

(R3) is TII 1 or Xli I(coordinates of new point)

(RI) is r I or x I (coordinates of known point)

UTILITY ROUTLNES AND COMMON REFERENCES

None

METHOD OF SOLUTION

The method-of-characteristics solution uses this routine to determine

a coefficient needed in its solution. This term (see Equation (6-Z9), Section

6 of Reference 1) can be written as:

Isin_tl (dilI "
F =

sin (_ + 0(g +

By the proper choice of d (r or

d)

x), 6 and the sign of gt , indeterminant

forms are eliminated in the evaluation.
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FUNCTION NAME: SHOCK

DESCRIPTION

This subroutine iteratively adjusts the shock strength in order to

satisfy the oblique shock relations and the flow field properties simultaneously.

The six different options are:

1. interior right running shock wave

2. interior left running shock wave

3. right running shock wave at wall

4. left running shock wave at wall

5. right running shock reflected from wall

6. left running shock reflected from wall

CALLING SEQUENCE

CALL SHOCK (IN, KN, IKL, IN1, /IN, IJH, I8FIN, I7FIN, IFLAG, ITYPE)

where (IN, KN)

IKL

(IN1, JN)

IJH

I8FIN

I7FIN

IFLAG

ITYPE

is the location of the virtual point

is the first point on the KN array

is the location of the known shock point

is the last point on the JN array

is the final location of the upstream shock point

is the final location of the base point on the downstream side

is an error flag

selects the type of calculation

ITYPE =

11 for case (1)

12 for case (Z)
El for case (3)
22 for case (4)
31 for case (5)
32 for case (6)
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UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CON Tlq.L/

COMMON/CRITEK/

COMMON/GASCON/

COMMON/DATAR/

INRSCT

TABLE

EMOFV

DELTAF

ENTROP

UOFV

MOSCOL

ROTERM

ITSUB

METHOD OF SOLUTION

This subroutine is used to calculate the properties across an oblique

shock wave as a function of the local characteristic lattice. In its operation,

this routine instructs the calling routine as to the necessity of adjusting the

counting scheme for network construction due to the presence of the shock

wave. Diagrams for the six options are given below.

(i) (z)
9

7 5

1 8

Case (I), ITYPE = (Ii)

Flow .. 

Case (Z), ITYPE = (IZ)
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(3)

I

1 7'

Fl°w __

8 4

" l,rl/_///I///_'
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l/lllHlltl

Flow

/J I11/,///I/,//II/////,

..3. .. " "v 8

Case (3), ITYPE = (21) CASE (4), ITYPE = (Z2)

t///I////////////////////"

fNv_!_s _,9
Flow ' NI.d/

Flow _ \_"
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SUBROUTINE NAME: TABLE

DESCRIPTION

This subroutine utilizes real or ideal gas information obtained from a

n_aster tape or input cards to calculate properties locally in the flow.

The maximum size of the array used by (TABLE) is limited to five gas

properties (V, R, Y, To, Po) at thirteen velocity "cuts" for each of nine

entropy cuts.

CALLING SEQUENCE

CALL TABLE (SS, VV)

where (SS) is the local entropy and (VV) is the local velocity at the point of

interest.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/XSICOM/

COMMON/CONTRL/

COMMON/DATAR/

COMMON/GASCON/

TOFV

POFEM

METHOD OF SOLUTION

The routine is entered with the local entropy (SS) and velocity (VV).

A test is then made to determine if the gas is real or ideal. If the test

indicates an ideal gas, the local properties are set to those stored in

the (TAB) common array. If the test indicates real gas, a double interpolation

scheme is utilized to locate gas properties between tabulated values of

velocity and entropy. In the case of an entry velocity beyond the range of

the table, an ideal gas extrapolation from the last table value is made to

locate the gas properties.
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SUgROUTIN( TA6L(¢$$,VV)
I"AS( I OF 3

A|T(R:GB H SPzS

IV-'l YP(t):V

Ib:S$ ¥P (2):V

VzVV il:iCOri(i)

S,LT.STAB (1)" J-_
SP=STA6 (1)

8.GT.STAO(|S) _){ 8Pw$TAG(|S)

RE,E,,TO,O\ ,

j /i.z,e.,.... ,Is/ ,

_.¥. &T. TAD (jS, i VHAX,I). j__yF.S_ t VP {I V) :TAB (JS, | VHAX, 1)

i V;IAX: | VTAD (JS)

HV= (VP (|V)-TAG (JS,I--[ ,1)) / (TAG (JO,L,|)-TAO (J$,i.-| ,|))

V'EflTRY (1, II V) :V"P (| V)

CO.'iT | NU_ V_NTR Y (21 | V): (I • -HV) _TAD (J$ IL-I wZ) ÷IIV_TAB (JS tL e2)

VENTRY (3, |V): (1 • "HV) ¢'TAD (JS,L-1,3) ,I'HV*TAB (JS,L,3)

XS| T=X$I (JS,L-I ,I)

XS|P=X$| (JS,L'|,2)

VI[NTRlf(4, i V)ITAB (JS,L'|,4) • (TAD (JS,L'| ,|)4'TAO (JS,L'1,1)/TAD (JS,L'I,2)'V£NTRY(I

,|V)*V;'NTRY($ ,IV) IVENTRY (Z,lV))*. $1XS|T

_---_ v(NTR¥ (S '| V)sTAB (J$'L'I*S) e( (V_'NTRY (4 '|V) ITAG (J$1I''| *4) ) _'_'X$|P)
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SUgROUI|NE TASLE(SS,VV) F4$£ • OF

GO TO ZO I

R=VENI"RY (2, | V)

GAI;IIA: V;'ltTtl Y (3, | V)

T= V'_IITR Y (4, |V)

P= VF.N TR t (5, ; Vt

___ (,,=,_,,v,I_Q_,,,_,_^,;,^,T)

i PO=P$ ((TO/T) $I (GA|:'IA/(GA_;_;A-_ o ) ) )V_NTR Y (4 t | V)'-- TOFV (V)

V;'NTR Y (S, |V) =P_'-F.|t (;'KOFV (V) ,0. )
GO TO 60

R. V;'l_T_ Y (2, I ) ÷D_O (V_;;T_ Y 12,2) -V_;JT_Y (2, | ) )

GAI:;_A-- VEIITR Y (3 eI ) *11_ (VFIIT;1Y (3 _-") -_F_|iTRY (3,1) )

T=VF.NTRY (4 _1) ÷H$_ (V.'-NTRY (4t2)-V_.tiTilY (4t 1))

NSP: ($P/R-STAB (|-t)/V_'NTRY (;P,I)) / ($TAD (|)/VF..NTR¥ (Z,;_)-STAD (I-1)/V'£NTRY (2,1))'

P: VI[NTR Y (_ eI ) 4EXP (;I,_P#ALOG (VF..NTR Y (5 _2)/V_NTR Y (S, I i ) )

EH=V/SQRT (R,C,GAI;;IA sT)

PO=P$ ((TO/T) $# (GAI:;';A / (GAI;;-_A-I . ) ) ) #ZXP (_P/R) GO TO 130
[;VHAX=IVTAD(I} ]_ |VHAX.£0.1 }_Q_ SP=_T:_(I)|V=Z

¢,0 TO lEO J
t , j /_ V[NII'R Y (4,¢/

EN:s V/GORT (GAflNASRST)
I,

TO= T$ (|, • (GAIIHA-|,) cE:H#_II_, $) t_._ ]pO.z-VI_NTRY(Se_)$((TO/lr)$$(GAH_IA/(GANtIA-|,)J|e£X@(SP/R) GO TO I_00
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8U_ROUTIfl(TAGLE(S$,VV)
FA_[ 8 OF3

I R:TA_ (l,S,2) !
_,ANIIA=TAG (& oL o3) i.1_ GO

TO:: T_G (& ,& ,4)PC_TAG ¢1 f_ ,S)

TO 200 H ; S.E@. % . AllO. VP (Z) .NK.V AST_R=AA
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SUBROUTINE NAME: TtlETPM

DESCRIPTION

This subroutine performs a numerical integration to calculate

pt'operties through a Prandtl-Meyer expansion. Either the case of known

fina[ velocity or known final expansion angle may be handled.

CALLING SEQUENCE

CALL THETPM (S, DELTA, VF, VI, IT, ITYPE)

where (s)

(DELTA)

(VF)

(VI)

(IT)

(ITYPE)

is the local entropy level

is the total expansion angle

is the final velocity downstream of the expansion

is the initial velocity upstream of the expansion

is a control parameter indicating if expansion to a solid
wall or free boundary is taking place

indicates if upper (2} or lower (1)boundary

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

COMMON/STEPC/

TABLE

ITSUB

METftOD OF SOLUTION

The integral equation

VF

: V 1

- 1

(M 2

d__V_ aO = f(V_)
V

= Va/NRT)

0
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is solved knowing either the final velocity (VF) or the expansion angle (A@).

As can be seen, if the final velocity (VF) is known, the integration progresses

straightforwardly to a solution. However, if the expansion angle is known,

an iterative procedure must be employed to pick the velocity which produces

the desired expansion angle.

SU_ROUT|N[ THETPN(S,DELTA, VF, V|,:T,ITYPE) IIAr, E I OF 2

| ROUTE:O I I V=V|

|L|N:4O ___ SAVE (2):-STEP (2)

F:I-2*(| TYP£- (|TYP(I|O) #10-1)

D_.THET=O, DV:STEP (2)

SAYi_(2)u-I,q_(VF-V|)IFLOAT(iF|X((VF-V|)/DV))|LiN=ZO000 J'_
SAVe. (1):1,

GASO (1) --.GAS (1)

GA_(2)=GAS (Z)

GASO (3) : TQFV (V)

VSA V(= V

GAgAV(I): (GAS (I)÷GA_O(I))*,S

GASAV(2): (GAS (Z) +OASO(2) ) $, S

GASAV (5) : (TOFV (V) 4'GA 5.0 (5) ) ** 5

GAr$O(S)=GAS (|)

DETHET:OETI'IET-F*SQRT (V*VI (¢ASAV (1) *GASAV (2) _GA SA V (3)) -1. ),icO VIV

|OR:SAVE (I)FOFV:D£LTA-D(THrT _ ITSUO

, _oFv,v,sAv_, .O001,ILl.,/ ,

CO_.IPUTEO GO TO

IF THE VALUE TRANSFER

OF IBR TO

IS 8TATEM(NT

1 40

2 40

3 40

4 40

$ SO

Q TO
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I_-'H iOI[LTA=OETHET GO TO 80

SI_ROUT|N( THETPN($,OELTA, Wlr,

_i_'4JMSF(R TO SU_ROUT | N(%%1 I

\ ,° / ,

VI,|Tm|TYP() PA6( IIOF 2
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Sb"dROUTI Kr' THRUST (| pK, I S, Jl e | TYPi[ ,, |CALC) P6_E I @F 2

|TYP(|=ITYPE-(|TYP(/|O)_IO

AXO2D=SCOH(7)

F$YH=I-|COH(7)

COMPUTED GO TO

IF THE VALUE TRAHSFER

OF ICALC TO

IS STATEKENT

1 10

2 30

3 50

D[LR=PS| (tei-l)-P$|(l,l)

O_.LX=P$1 (2,I-1)-P$I (2,I)

Vz (PSI (3,1-1)4r'_I (3,I))_.S

EI';U= A TAN (DZLX/DELR)

FORCEX=O.

FORCEV=O.

TO_OZ=O.

DELFX:O.

DELFY=O.

| TOT: | CON ( 3 )

CENU=-CO9 (rNU)

SENU:: S I N ([NU)

R=(PSl (lel-t)lPSl(l,l))e.5

DA= ( (4. *P |O'Z _- 1. ) eAXO2De I. ) #SGRT (DP LR#OF..LR_D_'LXeDP L X)

8mV /I[

TflTOR=(PS[ (4,1-1)_P_I (4,1))t,S

C THTDR:CO_, (THT/2R)

8THTDR:81H (THTGI1)

I_z (PSI ¢5, i-I)4'P$I (5,1))*,5

E)i:[t¢OFV (Y)

P:POF_'H ([H,$)

RltO_ RHOFE_II (£H, S).

OELFX= (P,tCENU_RHO#V_V_ (¢ THTDR,kCENU+STHTOR_kSEt.IU) _CTHTOR) _DA

OELF Y-- (P<,$Er_U+RtlOC, vev_ (C THTOR¢CENU_ STHTDI_¢$ENU) _$THTDR) ¢ DA,,:FSYH

TORGZ:TORGZ- (DrLFX*R+D;'LFy#(p3i (Z, I-1) _PSI (Ze|))*. S) 4:FSYN

FORCEX:FORCE:X-DF.LFX
FORCEY:FORCEY.'.DF.LF'Y _---_ GO TO 50]

F:t _2_(| TYP;'t-2) I,
/

D[LR=PHO(I,IeK)-PHO(IelIeJt)

OELX:PIIO (2 e| _K) -PIIO (2 e i I, J t )

R= (PHO(| _| ,K) 4'PHO (! _|| ,JI))*.5

X= (PHO(:_, l ,K) +PtlO(2,11, JI) )*.5

£NU=ATAN (OELR/DELX)
A"°OELX.LT.O. £NU=ENU'_

RANSF£R TO _U3ROUTih_

TAOLE

$'V /

ENU':'- £NUt F_p | 02

Vs (PHO (3 e | eK) _PHO($, | 1 eJl) )*. 5

8s(PHO(SjleK)4_PHO(Se| |eJl)),.S
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SUBROUTINE NAME: THRUST

DESCRIPTION

This routine computes the vacuum thrust produced by a two-dimensional

or axisymmetric nozzle. Addition of the momentum term at the throat and

the pressure term computed along the nozzle yields the final thrust.

CALLING SEQUENCE

CALL THRUST (I, K, Ii, Jl, ITYPE, ICALC)

where (I, K) designates the unknown characteristic point and (Ii, Jl) is the

known characteristic point. (ITYPE) specifies if the point is on the upper

or lower boundary and (ICAI,C) is a counter with the values of I, 2 or 3.

(i specifies integration at the throat, Z-along the nozzle and 3-at the exit.)

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CONTRL/

COMMON/DATAR/

COMMON�FORCE�

COMMON/INPUT/

TABLE

EMOFV

POFEM

RHOFEM

METHOD OF SOLUTION

Thrust is found by first computing the momentum thrust in the sonic

area or throat of the nozzle. The static pressure is then integrated along the

nozzle wall and the total thrust found by summation of the pressure and

momentum terms. Inclusion of a factor in the incremental force term

accounts for either two-dimensional or axisymmetric flow.
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|UOROUT|H(THRUST(|,K,|ItJ|,|TYP[,|CALC) PAGE | OF 2

(H=EHOFV (V)

p-*pOFrH ([14, S)

OAm ( (4.4P i OZ#R-I. ) tAX02O*l. ) 4$QRT (OE:LR *OELR*OEL X,tDEL X)

DF.LFX= P4LOAtCO$ ((flU)

OELFY=P#DA#SiN(EelU)tFSYN

FO_C(X:FORC(X*D[LFX

F_C(Y=FORCEY*D[LFY'

TORGZ=TOROZ-(O£LFXGR*O[LFT_X)_F'STH

GO TO IlO

_ CO_IPUT[O GO TO

--_ iF Tfl£ VALLfl[ TRANSF(R
OF iCALC TO

UR|T((Gtl) iS 8TAT[KENT

I 60

Z 70

3 70

t_ | TI[ (6,2) FORCEX, FORCI[Y* TOR OZ
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FUNCTION NAME: TOFEM

DESCIIlPTION

This function computes the local static temperature as a function of

Mach number. The gas properties at the point of interest are known prior

to entry. TOFEM and TOFV are quite similar; the difference being if Mach

number or velocity is the known quantity.

CALLING SEQUENCE

T = TOFEM (EM)

where (T) is the one-dimensionally calculated local static pressure which

exists at the Mach number (EM).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

METHOD OF SOLUTION

The calorically perfect gas relationship

T
O

T =
7- 1 M2

i + g

is solved for static temperature at the local Mach number.

TC_r'_ TOg (l ._" (GAMNA'I • ) @oS_EI4_N)

FUKCT IO4_ TOF£N (EN)

4
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FUNCTION NAME: TOFV

DESCRIPTION

This function computes the local static temperature as a function of

velocity. The gas properties at the point of interest are known prior to entry.

TOFV and TOFEM are quite similar; the difference being if Mach number or

velocity is the known variable.

CALLING SEQUENCE

T = TOFV (V)

where (T) is the one-dimensionally calculated local static pressure which

exists at the velocity (V).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

UTILITY- None

METHOD OF SOLUTION

The calorically perfect gas relationship

T : To-Z-

is solved for static temperature at the local velocity.

IrUHCT|Otl TOFV (V)

TOF'Vx TO- (V_,l_.) It, (GAKi4A-$.) ¢.$/(R4EG.AI,:HA)

TOIr V:sAI) _, (TOG'V)
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SUBROUTINE NAME: TURN

DESCRIPTION

This subroutine solves for a shock wave which has a known turning

angle (_J). A condition of known turning angle exists when the flow is turned

through a compression corner on a solid boundary. Real gas effects are

considered in calculating conditions downstream of the shock.

CALLING SEQUENCE

CALL TURN (PU, PD, DELTA, IFLAG)

where (PU, PD) represent flow conditions upstream and downstream of the

shock, (DELTA) is the turning angle, and (IFLAG) indicates if the solution

will converge or not.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/CRITER/

TABLE

EMOFV

UOFEM

ESHOCK

ITSUB

METHOD OF SOLUTION

An initial shock angle is guessed. This shock angle is used to calcu-

late a turning angle. The calculated turning angle is compared to the known

turning angle and successive iterations on shock angle are performed until

the turning angle difference is sufficiently close to zero.
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|U_ROUT;Hr. TURN(PUePDIOr'LTA,|FLA;) FAGE I1

|FLAG=I

$AVr.(Z):|./ST.3

8AV_(I):I.
PU ($) ,PU (3) / _ £PS= (UOFr.H (1:'14) ,AOS (Dr.LTA)) 4.Dr.LTA/ABS (Dr.LTA)

\TeANSFr.RTOSUOeOUTZ_ _ ._

U(S) ,PU (3) ,I[PO,Or'L ,PO (S) ,PD (3y i

_FOF TRANSFER TO $Lt_ROUT|N_ %_ .

I TSU'J
r'P $, r'P S oSA V[, ¢O;_IVRG (3) e | TL | N (3).) I

" I
FOFr.PS:O_L-D_LTA

|ORAKCsSAV[(1)

C09;PUTr.O GO TO

iF TH_ VALU_ TRAKOFr.R

OF IORANC TO

IS $TATEHr.NT

_t 1 10

Z 10

3 10

4 10

S 20

6 30 l PD (I)=PU(I)

PD (Z)=PU(2) •

PD (4) =PU (4) +Dr.LTA

r.HOFV(PD(3)).GT.I. J-_ PD(6)=UOFV(PD(3))
PD (7) =r.P$

---_¢0 TO 40 J I _RRO_S l-----h

\ " , ,11, ,l, '

TO 40

3
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FUNCTION NAME: UOFEM

DESCRIPTION

This function computes the Macll angle at a local Mach number. A

tcst is made to ensure that the Mach number is greater than one; prior to the

calculation.

CALLING SEQUENCE

EMU = UOFEM (EM)

where (EMU) is the Mach angle which exists at the local Mach number (EM).

UTILITY ROUTINES AND COMMON REFERENCES

None

METHOD OF SOLUTION

The following equation

-1
= tan

is solved for the local Mach angle.

FUHCT|O_I U0_rN (EN}

Yi[S

(H.GT.I.
RAHSIr(R TO SU_ROUT|N_ (/TRANSFER TO SUOROUT|H_ J

PA¢( S

UOF'E_N:ATAN ($./SQRT ((H_(M- 1. ) )
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FUNCTION NAME: UOFV

DES C RIP TION

This function computes the Mach angle at a local velocity.

CALLING SEQUENCE

EMU = UOFV (V)

where (EMU) is the Mach angle which exists at the local velocity (V).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON - None

UOFEM

EMOFV

METHOD OF SOLUTION

The local velocity is converted into a Mach number using (EMOFV).

Function (UOFEM) is then entered with the calculated Mach number and the

Mach angle obtained from the following equation.

IrIR_CT | ON UOFV (V)
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SUBROUTINE NAME: VISCUS

DESCRIPTION

This subroutine calculates the laminar or turbulent boundary layer

thickness and velocity distribution at the nozzle exit. This boundary layer

adjustment is made on the exit plane starting line. Only the supersonic

portion of the boundary layer is considered.

CALLING SEQUENCE

CALL VISCUS (N, NBL, XL, CUt

where (N) is the power of the velocity profile (V/Vedg e = (y/Yedgetl/N) .

(NBL) is number of boundary layer points specified. (XL) is a characteristic

length (usually the nozzle length t. (CUt is a conversion factor for mixed

units of length in the boundary layer calculation.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/INPUT/

COMMON/CONTRL/

COMMON/GASCON/

TABLE

EMOFV

TOFEM

POFEM

VOFEM

UOFV

METHOD OF SOLUTION

The number of starting line points within the supersonic portion of the

boundary layer is specified. The velocity profile for a laminar or turbulent

boundary layer is calculated and distributed to the starting line points. These

points are then transferred to a right running characteristic line and the

remaining inviscid portion of the starting line is attached.
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EUgROUT|NE ViSCUS(N,K_L,XL,¢U)

|RUN (|0) =KOL

FL= |CO:i (T)

Irz ! - (|C0_4 (7) *! )/_

VEX=PSi (3,1)

SEX:PSi (5,1)

Et;EX=EI;OFV (VEX) ___

RHOZX: RIIOFEH (EI:EX, S£X)

TE:X= TOFEN (EI;EX|

PEX=POFEN (EKEX _SEX)

TREF=T_X+.$#(.giTO.-TEX)+._Z#{TO--TEK)

(NU=(2.271(T_EF_#I.S)I|.(-OO)/(TRZF_Igo.6)

REY[X=PEXIV_X#XL/(E.U_kTR_F)

LAH=O

REYEX. LT. 1.E'*'06

_"-_ D_L=S'z#XLv'CU/((R_Y_x##'S)#(I"÷FL_'732)) ]_'_..

LAH'EO'O }-_DEL=.OIOO#XLCCU#(E_;EX##I.2$)I(t.÷F#,IT6)/(_ZVZX_t.14)

":'<<_"'_-7'.',':':•'v_--_'""'""""*"_ c:.,.:I, . _
Vi=V_EH(I.01)

RATVI=DELI((VIlVEX) I_N)

R_X=PSI(I,1)

REXEX=REX°DEL_RATVI

14=-N- i

NTOT=tI_/,:_L÷I

|CON (31 =HTOT-1

NTOT=IiTOT-|

I',ISH I FT:IITOT-I.LgL+ I RE:PI:'AT TO 3|i__ _ PSi (KeHTOT)=P_| (I',,HSH|FT) I
=1,1F10_.. OELV=(VEX-VIi/FLOAT,N3L-i, I'"-_

• , v=vi-ozLv ...... ]J,

V=V_DELV _._PSZ(i,ii=REX-OELe{(V/VEX)#¢Ni+RATV[

3-129



LMSC/ REC AV83SV3

|UBROUTIN[ VZSCU$(N,NBLtXLICU)

ARG=PSi (4,1)- (UOFV(V) 4'UO4rV (PSI (3el-l))) e.$

PSl (2,1)=PSI (2, |°t)- (P$1 ('t ,;-I)-PSI (1 i|)) v,_OS(AR;)/SIN(ARG)

J , ,

PSI (3, I)=V

PSI (4,I):PSI (4t, 1)

(H=EKO;:'V (V)

PG; ($ D| ) " ((gAHHA,kR) / (gA;;HA-1 • ) ) #AL(_e (TOr-['N (F.M)/Y(X) 4',_I:'X

OELX:PSI (2,1'.3L)-PSI[ (Z,I)

PSI (GI i) :UOFV(V)

i PR I I;Z:t_L4"I

HTOT: i C0/4 (_l

R(Pk'AT TO 45 _ __Y[S

inIPRIHEw IPRiHF.4'I ,..,, IHTOT
._'AO(I):A.[.(;) _ _ To 60 JHEAO (2):AM|N(2)

l'6S£ £ OF2

] HE:AD(|):TU_(I)

H[AD (2) • TU_I) (2) WRI T I:' (G, | ) HC'AO (1) , tlt[AO (Z), RI[ Y_"X

3-130



LMSC/HREC A783573

FUNCTION NAME: VOFEM

DESCRIPTION

This function computes velocity as a function of Mach number. Ideal

gas relations are used and the gas properties are known prior to entry.

CALLING SEQUENCE

V = VOFEM (EM)

where (V) is the local velocity which corresponds to the local Mach number

(EM).

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

METHOD OF SOLUTION

The ideal gas relationship

is solved for velocity.

input Mach number.

/RY(T O i) T)

Local static temperature (T) is obtained from the

FUN¢IIO_I VO_[N(EHSTAR)

@MI02= (&AKXA-I.) _. S

VOIrEH= $GR T (R*&AI4)IA* (TO-TOll¼ (_'I4}) / O M 102)
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SUBROUTINE NAME: WEAK

DESCRIPTION

This subroutine determines the

downstream of a weak oblique shock.

shock are known prior to entry.

independent variables (SD, VD)

The gas properties upstream of the

CALLING SEQUENCE

CALL WEAK (SU, VU, ERS, DELTA, SD, VD)

where (SU, VU) are the upstream entropy and velocity, (EPS, DELTA) are

the shock angle and turning angle, and (SD, VD) are the downstream entropy

and velocity.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

TABLE

EMOFV

POFEM

KHOFEM

ENTROP

DELTAF

METHOD OF SOLUTION

From the known upstream entropy and velocity, the local gas properties,

pressure, density, and upstream Mach number are calculated. The entropy

rise across the shock is added to the upstream entropy to get total down-

Downstream velocity is calculated from the followingstream entropy.

relationship.

v cos
U

VD = cos( - 6)
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$_RO4JT [ 14Et4_AK (SU, VU,EP $,OrLTA, S0, VO)

TAOLE

,U,VU / !

EiIU=EI;OFV (VU!

PU=FO_'£_I (F.|;U, SU)

RHOU= RI;OF£:i! (_ ;IU, 81J)

SEPS:S[ fl (EPS)

VD=r2. *GAli;tA*R*TO/|VU# (GAI_HA_'| .) )

$O=£XTROP(EPS,EHU)*$U I

DELTA:D[LTAF(EPS,EtlU|

CEPS=CO$_EP$) _ "l
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FUNCTION NAME: WOFA

DESCRIPTION

This function computes the weight flow per unit area as a function of

Mach number. This calculation is only used in function AOASTR.

CALLING SEQUENCE

WEIGHT FLOW = WOFA(EM)

where (EM) is the local Mach number.

UTILITY ROUTINES AND COMMON REFERENCES

COMMON/GASCON/

UTILITY - None

METHOD OF SOLUTION

Weight flow per unit area (I_/A) is calculated from ideal gas relations.

The equation used is

*u --
A

P M
O

Y+I

[I + '" I M2]_'/I)2

PA_£

£PlzGAHHA_I.

GHt:GAK_IA-|.

GHIO2=_H14.S

POI,,r'KR=GPI_.5/GHI

FUNCTION UOFA ((M)

F|=EH/( (1. ÷GI4102¢EtI#ZH) :I,4,PO_.,,'ER )

WOFA=SQRT (GAMMA/(R#TO) ) 4,P01,4:'1
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3.4 INPUT/OUTPUT GUIDE

3.4_ 1 Detailed Guide for Input Data

3'4_2 Description of Program Output

Page
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3.,.i Detailed Guide for Input Data

CARD No. 1

Format:

Cols. 1-72

CARD No. 2

Format:

Col 5

Col 9

Col 10

Cols 14, 15

Cols 19, 20

Cols 24, 25
Col 30

Col 3 5

Col 39

Col 40

Cols 41-43

Cols 44-45

Col 50

Cols 51-55

Problem Title or Identification

1 ZA6

HOL Comment card, header information such as

problem title may go on this card. It is

printed at the top of each page of output.

Run Control Card

1615

ICON(1)

ICON(g)

ICON(Z)

 CON(3)
ICON(4 )

ICON(5)

ICON(6 )

ICON(V)

ICON(S)

ZCON(9)

ICON(9)

ICON(10)

ICON(11 )

1 Read cards for gas properties

Z Read tape i0 (A6) for gas properties
0 Normal start line

1 Right running characteristic start line

Z Left running characteristics start line

0 Straight start line M _iven
1 Source start line A/A given

2 Starting line input

3 Starting line calculated by conservation
of mass

Number of starting line points (50 max)

Number of upper boundary equations (100max)

Number of lower boundary equations (100max)

0 No SC-4020 plots

N Number of parameters to be plotted
0 Two dimensional solution

1 Axisymmetric solution

0 Full output

1 Limited output (no interior points )

1 One line output '

(R, X, M, THETA, S, Shock Angle)

2 Two lines, above plus

(Mach Angle, P, Density, T, V)

3 Three lines, above plus
(MWT, GAMMA, TO*, PO*, S*)

No. of left running points up to and including

upstream shock point. Used when ICON(g)

>_ 20 and shock crosses starting line.

Number of regular start line points if

ICON(Z) >_ 20

0 Radiance tape not desired

1 Radiance tape desired (i tape)

2 Radiance tape desired (Z tapes)

Case number (prints at tope of each page)
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Col 60

Cols 61-65

Cols 66-80

ICON(IZ)

ICON(13)
ICON(14-16)

0 Calculate shock wave

1 No rotation option

1 Use viscous boundary layer

Not presently used

CARD(S) No, 3 Describes physical boundaries of the flow field

Format If, 3X, If, 5X, 6EI0.6

Col I IWALL i, Conic equation

R=A* (SQRT (B+C* X+D* X** g )+E )

IWALL 2 Polynomial equation
R=A*X**4+B*X** 3+C*X**Z+D* X+E

IWALL 3

P=PINF* (1+EX)* (

Free boundary equation

I+GA MMAINF* (MINF*S IN* (THE TAB -THETAINF ))** 2)

Col 5

Cols 11-20

Zl-30

31-40

41-50

51 -60

61 -70

ITRANS

ITRANS

ITRANS

WALLCO

WALLCO

WALLCO
WALLCO

WALLCO

XMAX

0 No discontinuity follows this equation

1 Expansion corner follows this equation

Z Compression corner follows this equation

A(If IWALL = I or 2), PINF (If IWALL=3)

B(If IWALL = 1 or 2), GAMMAINF (If IWALL=3)

C(If IWALL = 1 or 2), MINF (If IWALL=3)

D(If IWALL = 1 or 2), THETAINF (If IWALL=3)

E(If IWALL = 1 or 2), E (If IWALL=3)

Maximum X value for which this equation

applies.

NOTE- The coefficients of each equation are contained on a single card. As

many cards, i.e., equations, as necessary to describe the boundaries

are input. The units of physical dimensions affect only the thrust

calculations in which units of feet are assumed. Upper boundary

information is given first. Program assumes that starting line is

bounded by solid walls and that the equations are ordered with XIVLAX

monotonically inc teas ing.

CARD No. 4 Gas Identification and Gas Property Input

Control

Format:

Cols 1-24

Cols 30- 3Z

Col 4 0

4A6, 5X, A3,

ALPHA

UNITS

Is

7X, I1

Gas name, identification for real gas proper-

ties on tape. May be any name when gas

properties are input via cards.

ENG English units are to be input (cards only)

MKS Metric units (cards or tape)

Number of entropy cuts (ignored for tape,

1 for ideal gas, 9 max for real gas via cards).
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GARD(S 1 No. 5 Entropy value and number of velocity cuts.
(Not input if ICON(l) = 2, i.e., gas properties
via tape)

Format: El0.6, 8X, 1Z

Col I-i0 STAB

Col 19, 20 IVTAB
Entropy value
Number of Mach numbers for this entropy
value 13 max, (I if ideal gas)

CARD(S) No. 6 This card(s) gives the Mach number and
associated gas properties at that Mach num-

ber and entropy.

Format: 5E10.6

Cols 1-10 TAB
Cols 11-20 TAB

Cols 21-30 TAB

Cols 31-40 TAB

Cols 41-50 TAB

Mach number

Gas constant (R) if UNITS = ENG, Molecular
weight (MWT) If UNITS = MKS.
GAMMA
Static temperature (TO) at this Mach number

Static pressure (TO) at this Mach number

NOTE - Cards 5 and 6 are omitted if gas properties are input via tape.

CARD No. 7 This card specifies the necessary information
for the starting line.

Format: 5EI0.6

Cols 1- 10
Cols 11-20
Cols 21-30
Cols 31-40

Cols 41-50

Cols 61-70

CORLIP

CORLIP

CORLIP

CORLIP

CORLIP

STEP(3)

Axial coordinate of upper limit of start line.
Axial coordinate of lower limit of start line.
Mach number or A/AS for start line.

Entropy level of start line.
Area of nozzle throat (units consistant with
boundary equations )
Point insert criteria

CARDS No. 8 These cards are used to read in a known

starting line (ICON(Z) = Z), otherwise omitted.

Format: 5EI0.6

Cols 1- 10

Cols i1-20

Cols 21-30

Cols 31-40

Cols 41 -50

Cols 51-60

PSI

PSI

PSI

PSI

PSI

PSI

Radial coordinate of this point

Axial coordinate of this point

Mach number of this point

Flow angle of this point

Entropy level of this point

Shock angle of downstream shock point

when ICON(g) >_ i00
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NOTE - As many of these cards are input as specified by ICON(3) on the
run control card

CARD No. 9

Format: 6EI0.6

This card contains the necessary information

to limit the calculations to those areas of

interest. An unusual scheme is employed in

order to make these limits efficient for the

many problem orientations which are possible.

Cols I-I0 CUTDAT

Cols ii-20 CUTDAT

Cols 21-30 CUTDAT

Cols 31-40 CUTDAT

Cols 41-50 CUTDAT

Cols 51-60 CUTDAT

Radial coordinate defining upper cutoff.

Axial coordinate defining upper cutoff.

Angle cutoff line makes with horizontal.

Radial coordinate defining downstream cutoff.

Axial coordinate defining downstream cutoff.

Angle cutoff line makes with horizontal.

CARD No. 10 This card contains the input information for

the viscous boundary layer option

Format: II, ZX, IZ, 5X, ZEI0.6

Col 1

Cols 4-5

Cols I l-Z0

Cols 21-30

NPOWER

NBLPTS

XL

CU

Exponent of the velocity profile in the

boundary layer

Number of boundary layer points specified

A characteristic length (usually nozzle

length)

Conversion factor for mixed units of length

CARD No. 1 1 This card is used when ICON (I0) equals

i or 2. Its purpose is to "juggle" the

method of characteristics output such that

gas properties in the flow field can be

determined at designated points and saved

on binary output tapes.

Format: 915

Col 5

Col 1 0

Col 15

Col Z 0

LAS T C

LAST C

ISETR

ISETR

MAXNOR

ITIME(1)

ITIME(2)

ITIME(3)

0 Juggle case other than last or only case

1 Last or only juggle case

0 Radial value at intersection of juggled

axial location and left running characteristic.

i Use constant radial increments, interpo-

lating between aforementioned intersections.

Maximum number of radial increments (used

only if ISETR = I, maximum number allowable

is I00 DELTA RS)

Number of times first DELTA X is used

Number of times second DELTA X is used

Number of times third DELTA X is used
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Col 4 5

ITIME(4)
ITIME(5)
ITIME(6)

Number of times fourth DELTA X is used

Number of times fifth DELAT X is used

Number of times sixth DELTA X is used

NOTE - Up to a maximum of six DELTA X changes are allowed but not always

necessary

CARD No. 12 Continuation of Card No. I0

Format: 7EI0.6

Col 1-10 DELT(1)
Col 11-20 DELT(2)
Col 21-30 DELT(3)
Col 31-40 DELT(4)
Col 41-50 DELT(5)
Col 51-60 DELT(6)
Col 61-70 DELTAR

Length of first DELTA X increment.
Length of second DELTA X increment.
Length of third DELTA X increment.
Length of fourth DELTA X increment.
Length of fifth DELTA X increment.

Length of sixth DELTA X increment.
Radial increment used if ISETR = 1

NOTE - Total length of summation of DELTA X must be greater than, or
equal to axial cutoff value

CARD No. 13 Plot control card

Format: 3012

Col 2 (J) 1 Mach No.
Col 4 2 Press. static

Col 6 3 Temp. static
Col 8 4 Press (stag norm shock)
Col 10 5 GAMMA
Col 12 6 Mole wt

Col 14 7 Density
Col 16 8 Entropy

NOTE - The order of these parameters is arbitrary

NOTE - All units used are ENG. (except entropy) which may be either

ENG. or MKS. depending on gas property units. Following is
a list of units for specific parameters

PARAMETER UNITS

X
R

All Angles
S

Density
T
V
P
R

Thrust calc. assumes ft. Otherwise

any scale acceptable

Deg.
F T'4,_,Z/S EC_* 2D EG. R=ENG.

CAL/GRAMDEG. K=MKS

LBM/FT**3

DEG. R=ENG, DEG. K=MKS
FT/SEC

PSFA=ENG, ATM=MKS
1545. 4532. 17/MWT
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3.4.2 Description of Program Output

The methods of characteristics program output is organized in a logi-

cal fashion with the data presented in an easily understood form. The initial

pages consist of a printout of the input data including the real gas tables ob-

tained from the master tape. Characteristic data are organized along left-

running characteristic lines with all the pertinent information printed for

each characteristic point on each characteristic line. Numbered flags on

the example printout sheets (pp. 3-144 through 3-148) correspond to numbered

comments listed below.

GROUP I - IDENTIFICATION

O Case Number: Appears on each page - may be a maximum of five digits.

(_ Title: Identifies particular run, appears on each page and may be 72

spaces.

GROUP 2- RUN CONTROL

® Run Control Parameters: These 16 parameters control the execution

of the program according to the options selected. (See input data guide

for explanation of individual parameters.)

GROUP 3- BOUNDARY EQUATIONS

Type Equation: Identifies type of boundary equation selected. (I - conic,

2 - poly, 3 - free bound)

O oefficients: Apply to upper or lower boundary equations. (See input guide.)

<6-> XMAX: Maximum value of (x)for which present equation applies.
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GROUP 4 - GAS IDENTIFICATION

C) gas on tape gas table isGas Identification: Identifies master for which

printed.

GROUP 5 - REAL/IDEAL GAS PROPERTIES

Reference Entropy; This is lowest entropy level in the table. All other

entropy levels are measured from this base.

Entropy Cuts:

base level.

®

®
©
@
@
®

Velocity Cuts:

May be nine maximum, value is relative to predefined

May be 1 3 maximum at each entropy cut.

"Gas Constant": Local value.

Isentropic Exponent: Local value.

Static Temperature: Local value.

Static Pressure: Local value.

Note: Ideal gas format is similar, (S) and(V) are generally zero and

only one value of R, )% T o, Po is printed.

GROUP 6 - STARTING LINE INFORMATION

®

®

R: Radial distance to

or non-dimensional).

characteristic point (may be any unit of length

X." Axial distance to characteristic point.

or non-dimensional).

(may be any unit of length

Note: The only restriction on units for X and R is that they be con-

sistant, however thrust and mass flow calculations assume feet.
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©
®
®

Mach Number: Local value (may be any supersonic value).

.Flow Angle: Local value (degrees).

Entropy: Local value (ftZ/secZR°)

Note: The starting line may be obtained using various options (see

input guide); however, the format on the printout remains the same.

GROUP 7 - RUN CUTOFF INFORMATION

®
©
®
@
®
@

R: Radial coordinate of upper cutoff (units same as R on starting line).

X: Axial coordinate of upper cutoff (units same as X on starting line).

THETA: Angle of upper cutoff line (degrees).

R: Radial coordinate of lower cutoff.

X: Axial coordinate of lower cutoff.

THETA: Angle of lower cutoff line.

GROUP 8 - TYPICAL LEFT CHARACTERISTIC LINE

®
©
@

Characteristic Line: Identifies line for which data is printed.

Characteristic Point: Identifies point for which data is printed.

Description: Describes the type of point. The options are:

a. input point

b. interior point (prints blank)

c. wall point

d. free boundary point

e. shock point

f. Prandtl-Meyer point
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®
®
@
®
@
®

@
@
©
@
@
®

©

@

R: Radial distance to the characteristic point.

X: Axial distance to the characteristic point.

M: Mach number at the characteristic point.

Theta: Flow angle at the characteristic point.

Entropy: Entropy level at the characteristic point.

Shock An_le: Shock angle at the characteristic point (only prints

when shock point).

Mach angle_ Mach angle at the characteristic point.

Pressure: Static pressure at the characteristic point.

Density: Static density at the characteristic point.

Temperature: Static temperature at the characteristic point.

Velocity: Velocity of flow at the characteristic point.

Statements such as this appear when left or right characteristic lines

cross. (See Subroutine (ERRORS) for all possible statements.}

This is a comparison to the mass flow through the throat. The percent

change should be near zero; any change is an indication of accumulated

error in the calculation.

This is a calculation of the components of net momentum thrust and

pressure thrust at the particular wall point in the nozzle.
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